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ABSTRACT 
 
 Producing natural fibers to replace finite synthetic fibers is a good strategy to 
move from a petroleum-based society to a bioeconomy. Kenaf (Hibiscus cannabinus L.) 
has been identified as a promising multi-purpose crop that could have potential to grow in 
the Midwest. It is critical to determine the varieties and management practices that are 
optimal to produce high quantity and quality of kenaf fibers in Iowa, where corn and 
soybean are prevalent. Information regarding its potential for biofuel is scarce and 
requires to be investigated. Finally, consequences of including kenaf in traditional 
cropping systems on soil quality need to be studied in this area of the U.S.  
In the first study (Chapter 2), we demonstrated that ‘Tainung 2’ and ‘Whitten’ 
were the most promising in Iowa. Also, when its biomass was pyrolyzed, kenaf could 
have potential in the production of levoglucosan that can be further upgraded into 
ethanol. Our second study (Chapter 3) showed that it exists an optimal combination of 
management practices that influenced kenaf productivity and morphology. In the third 
study (Chapter 4), we found that N fertilization does not have any influence on kenaf 
stem production. However, N and other agricultural practices did influence morphology 
and composition. Our fourth study (Chapter 5) investigated kenaf productivity in Iowa 
and Kentucky. The results showed that Kentucky has more potential than Iowa, but that 
kenaf production in Iowa was less variable than in Kentucky. Finally, in our fifth study 
(Chapter 6), we developed a model in APSIM for kenaf, which was used to analyze the 
effects of kenaf inclusion in corn-soybean systems on soil quality. Overall, this work 
showed that kenaf could be a promising alternative crop in Iowa. 
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CHAPTER I 
GENERAL INTRODUCTION 
 
Introduction 
 
From a petroleum-based economy to a bioeconomy 
The current situation: population growth, fossil fuel depletion, and climate change 
With a population of 7 billion in 2012 growing to 9 billion anticipated by 2050 (a 
growth of 30% over 38 years), the advances in science and technology will be needed and 
agriculture will be required to feed and provide fiber and fuel (FAO OECD, 2016). But it 
also raises more challenges, because it is likely to be unequal between people of a same 
community, but also to countries and regions of the world (FAO, 2009b). There is little 
hope that the poverty line, currently at 1.25 US$ per day, will be improved by 2050, 
although global economic growth is projected to be 2.9% annually. With increasing 
population, the demand for food will continue to grow. Currently, a little over 2 billion 
tons of cereals (food and feed) are produced, but this number is predicted to reach 3 
billion tons by 2050 (FAO, 2009b). To fulfill the demand, overall food production needs 
to be increased by 70% between 2005 and 2050, but it also has to be evenly distributed. 
With finite natural resources and a land area that is reaching a plateau, the challenge is a 
mammoth one.  
The demand for energy, chemicals, and fibers is presently as vital as food. Energy 
has been at the heart of the recent concerns, mostly because its consumption rate keeps 
increasing and is much higher than population growth rate (Hein, 2005; Sims et al., 
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2006). Also, 80% of the total primary energy supply comes from fossil fuels (32.8% from 
oil, 27.2% from coal, 20.9% from natural gas; Heinimo & Junginger, 2009; OECD IEA, 
2011). These energy resources are also used for electricity, transportation fuel, chemicals, 
materials, and synthetic fibers. The particular case of fibers shows that, for many 
centuries, natural fibers were the only resource for textiles and other uses, but synthetic 
fibers were created in the 1960’s and petroleum became the main source for fiber (Van 
Wyk, 2001).  
The demand for global textile fiber was 64.9 million tons in 2008 and 69.7 million 
tons in 2010 (FAO ICAC, 2013). Although synthetic fibers are the most popular material 
category (41.9 million tons), the demand for cotton, wool, and cellulosic fibers increased 
in 2007 and in 2010. Fibers can be used for many applications other than textiles. 
Cordage, paper, agricultural bags, polymer, and composite materials are very valuable 
uses for both natural and synthetic fibers. The fiber and textile sector is one of the most 
labor-intensive industries and tends to represent a significant economic output for cheap 
labor countries. The diversity of sources, producers, and applications for natural fibers 
contributes to the prosperity of the industry (Van Dam, 2008). However, the dependence 
of developed and developing countries on synthetic fibers can present a problem as 
petroleum is a finite, yet very popular resource.  
In 2015, the production of world crude oil and refined petroleum products was 86 
and 79 million barrels day-1, respectively (Table 1.1; CIA, 2016). Considering that the 
demand for energy has drastically increased over time (Höök and Tang, 2013), the 
production and consumption of fossil fuel has remained very high. Some scenarios 
predict a peak of oil production reaching 300 million barrels day-1 by 2100 (Patzek and 
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Croft, 2010). A large body of evidence has shown that fossil resources are drastically 
depleting and that we will ultimately face an energy crisis where we will lack oil, coal, 
and natural gas to supply energy requirements (Chiari and Zecca, 2011; Höök and Tang, 
2013; Pfeiffer, 2013). Furthermore, fossil resources are unequally distributed, creating 
economic, social, and political hostilities between countries and leading to global market 
fluctuations. Oil prices, although very low in mid-2014, are expected to increase sharply 
from 39.3 US$ per barrel in 2016 to 83.2 US$ per barrel in 2025 (OECD IEA, 2015), 
coincide with increasing the price volatility (Kang and Yoon, 2013). 
Population growth and fossil fuel depletion are unfortunately also paralleled with 
an increase of mean surface temperature from + 1.8°C to 4.0°C by 2100, leading to more 
frequent climatic disasters (drought, flood, cyclones), especially in countries already 
climate-vulnerable (FAO, 2009a; IPCC, 2007). The impact of CO2, currently at the 
highest level of 550 ppm (Jaggard et al., 2010), on the earth's climate, contributes greatly 
to global warming. The burning of fossil fuels, especially coal, is responsible for 75% 
CO2 anthropogenic emissions (U.S. Department of Energy, 2015). Agriculture is 
responsible for about 14% of global greenhouse gas emissions, mostly located in 
developing countries (FAO, 2009a). Changes in atmospheric gas composition will 
directly impact the short term (more frequent extreme natural events) and the long term 
(impact on precipitation distribution, on weeds, pests, and diseases pressure, etc.). This 
phenomenon will also contribute to major environmental, social, and political crisis. 
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A desire to return to a bioeconomy 
Considering the current challenges of our society, there has been a strong desire to 
return to a bioeconomy, which provides food and energy from agriculture and 
biorenewable resources. To summarize, there are 4 major motivations behind this desire 
(Brown and Brown, 2014): 
- Environmental quality; 
- Excess agricultural production; 
- National security; 
- Economic development. 
Renewable resources provided by our planet represent an unlimited, diverse, and 
promising source of energy (Brown and Brown, 2014). According to the COP21, 
renewable energies are the most effective solution for countries to fulfill their promises to 
reduce their emissions (IRENA, 2014). On one hand, renewable energies can participate 
in maintaining the global mean temperature increase below 2°C threshold favored. On the 
other hand, they represent the only technologies that can be developed fast enough to 
counter the high temperature increase rate. Their prices are also much more affordable 
than before; solar photovoltaic module, residential solar photovoltaic systems, and wind 
turbines are cheaper than in 2009. Not only renewable resources have never been as 
competitive, they are also a source for employment, benefiting the economy and the 
society. Currently, 7.7 million people work for this sector, and it is predicted that this 
number will increase up to 24 million by 2030. 
Biorenewable resources, defined as organic materials of recent biological origin, 
and mainly originated from wastes and dedicated crops, represent one promising 
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renewable source. Indeed, biomass represents an unlimited source for basic building 
blocks such as protein, oil, sugar, starch, inulin, cellulose, hemicellulose, lignin, and 
chitin. Among them, lignocellulose, a natural composite of biopolymers, has raised recent 
interest, worldwide (Ragauskas et al., 2006). In fact, agriculture energy crops and 
residues were shown to be the most promising source to enhance bioenergy production 
(Cherubini and Strømman, 2011). 
Dedicated crops, grown specifically as a source of carbon and energy, include 
aquatic (vascular and non-vascular plant) and terrestrial species (Brown and Brown, 
2014). Oil, sugar, starch, and lignocellulose-rich plants (woody and herbaceous) belong 
to the latter group. All of these bio-resources can be further converted into heat, biopower 
(electrical power), biofuels (liquids, compressed gases), or biobased products (chemicals, 
material, fibers) via thermochemical, biochemical, or physical processes (Ragauskas et 
al., 2006).  
The U.S. has the potential to produce 1.1 to 1.6 billion tons per year of biomass, 
representing 19.3 to 28.1 billion GJ (U.S. Department of Energy, 2011). This is enough to 
supply one third of the total petroleum consumption in the U.S. Among the biobased 
products, biofuels are the ones that have required new demand for agricultural 
commodities the most. The production of biofuels for transportation, especially ethanol 
and biodiesel, has tripled since 2000 and is expected to double again in the next several 
years (FAO OECD, 2009). Overall, biofuels account only for 0.2% of total global energy 
consumption, 1.5% road transportation fuels, 7% global coarse grain use, and 9% global 
vegetable oil use (FAO, 2009a). Biofuels are estimated to reduce the greenhouse gas 
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emissions by 10–90% relative to fossil fuels, depending on the type of feedstock and 
production technology. 
Undeniably, biorenewable resources, and therefore agriculture, represent one of 
the most promising ways to face the demand resulting from population growth and the 
depletion of petroleum resources, and to counter environmental issues. Yet, there is little 
hope that biomass will be the only solution, but, with solar, wind, geothermal, and 
hydropower, the demand should be fulfilled. 
 
Challenges and diversity of energy feedstocks 
The use of biorenewable resources have obvious advantages related to 
environmental protection, sustainability of energy production, and economic 
development. Nevertheless, there are many challenges with biomass production, 
processing, and use. Biorenewable resources are low bulk density materials (545 kg m-3 
for hybrid poplar logs, 230 kg m-3 for baled switchgrass, 880 kg m-3 for coal) with high 
moisture content. This makes the logistics for handling, transporting, and storing 
complicated, and energy is necessary for its processing. In comparison, gases and liquids 
can be easily moved through pipelines and stored in tanks. Also, biomass has a low 
heating value (16 to 20 MJ kg-1 on a mass basis), which is inferior to coal (23 to 28 MJ 
kg-1), and therefore requires more material to produce and equivalent amount of energy. 
Biorenewable resources have high oxygen content (~45 wt% for lignocellulosic 
biomass), which is not always compatible with the current economy, based on 
hydrocarbons (25 wt% in lignite coal, ~0 wt% for natural gas and petroleum). The 
demand for fuel wood in Europe resulted in large deforestation, and agriculture is blamed 
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for the desertification in Africa. Moreover, biobased products have to be competitive in 
markets (Table 1.2) and biorenewable resources are still relatively expensive feedstocks.  
Most traditional feedstock used in the world are (Elbehri et al., 2013): sugar crops 
(grown in latitudes of 30° S to 30° N; sugarcane - Sacharum spp.; Clay, 2013), starchy 
crops (corn - Zea mays, cassava - Manihot esculenta, biodiesel feedstocks (rapeseed - 
Brassica napus, oil palm - Elaeis guineensis, soybean - Glycine max, jatropha - Jatropha 
curcas), and short-rotation crops (eucalyptus, hybrid poplar - Populus nigra). But 
biofuels tend to be led by few dominant crops due to domestic biofuel consumption 
patterns.  
Corn is the major feedstock for ethanol produced in the U.S., which accounts for 
8.4% of global corn production (OECD, 2008a). It is a very productive crop per unit of 
land (7 to 11 Mg ha-1 and 3,500 L ha-1 ethanol; Ecocrop, 2009), but management 
practices are energy intensive, increasing concern about climate change and greenhouse 
gas emissions, compared to alternative feedstocks crops (Liska et al, 2009). Sugarcane, 
which can make 6,000 L ha-1 ethanol in Brazil (Goldemberg et al., 2008), can produce a 
wide range of by-products such as bagasse, molasses, vinasse, and cane juice (Paturau, 
1987) and even plastic (Nogueira et al., 2008). Sweet sorghum represents one of the most 
promising alternatives, mostly because it can be grown in many different climates, in 4 
months, compared to 10-12 months for sugar can (Reddy et al., 2005). Ethanol yields 
from sweet sorghum can reach 760 L ha-1 from the grain, 1,400 L ha-1 from the stalk 
juice, and 1,000 L ha-1 from the residues (Reddy et al., 2006). Jatropha, contrary to sweet 
sorghum, is not an edible crop and represents an alternative to sweet sorghum (1400 L ha-
1 of oil), although it is not as efficient. Its oil has been successfully hydrotreated and 
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converted to jet fuel, and its biodiesel yield ranges between 795 and 2,840 L ha-1 
(Weyerhaeuser et al., 2007).  
Oil palm is the most efficient feedstock for producing biodiesel (10% global 
biodiesel production; 5,600 L ha-1 of biodiesel, 10 times that of soybean; Pahl and 
McKibben, 2008), is mainly found in Malaysia and Indonesia (80% global production). 
Similar to sugar cane, palm oil faces many environmental issues and, because palm oil is 
also planted for vegetable oil in many developing countries, the problem is not likely to 
decrease. Rapeseed is the major source for biodiesel in the E.U. (59% of world biodiesel 
feedstock; Pahl and McKibben, 2008). Yields are typically 1,000 L ha-1 biodiesel (FAO, 
2008), and its oil content is 45% (Bernesson et al., 2004). Next to rapeseed, soybean is 
the largest biodiesel feedstock, mostly concentrated in the USA and South America. It 
accounts for 75 to 90% of U.S. biodiesel production (Carriquiry, 2007). However, 
soybean yields 450 to 950 L ha-1 of biodiesel, which is considered as a low productivity.  
Many of the species used for biofuels and biobased products compete with food 
production. But there has been a strong desire to expand future demand by exploring 
other possible non-food feedstocks and dedicated energy crops for more advanced 
biofuels (“cellulosic”). There is abundant research on the matter, because these offer the 
most potential for biofuel industry. However, advanced “cellulosic” feedstocks have not 
reached commercial production yet. Dedicated energy crops mostly include plants rich in 
lignin, cellulose, and hemicellulose. They typically contain higher concentration of sugar, 
have higher potential of fuel production per ton and per hectare, and provide advantages 
on land use, because they can be grown in less productive areas. Both ethanol and 
biodiesel can be produced from them, but also various biobased products and materials. 
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Cellulosic biomass is the most promising emerging alternative feedstock for 
ethanol, because it is generally the agricultural residues or inedible parts of perennial 
grasses, legumes, or trees. Switchgrass (Panicum virgatum), perennial and herbaceous 
grass, and Miscanthus (Miscanthus giganteus), which can yield 22 to 33 Mg ha-1 and is 
attractive for its ability to sequester carbon, have both received a lot of attention recently 
(Elbehri et al., 2008). Overall, energy crops may offer higher productivity in terms of 
biomass yield per hectare. But, because of the large potential demand for this second-
generation feedstocks, infrastructure and complex logistics systems are required. At 
present, there is still no existing market. 
Short-rotation woody crops, typically harvested on a rotation basis of 3 to 10 
years, are also a renewable resource, although they are not economically viable. Their 
production has been heavily criticized for its environmental issues (soil degradation, 
erosion) and for only providing seasonal employment. Hybrid poplar, eucalyptus, and 
willow have received most of the attention lately and breeding programs have emerged. 
Most of the plant species described previously are food, feed, and/or fuel crops. 
However, fiber crops are also very important, considering that current synthetic fibers are 
made of petroleum. Fibers found in nature are the “elongated cells in the tissues of 
vascular plants that serve a structural function” (Brown and Brown, 2014). Polyethylene, 
polyvinyl chloride, polypropylene, polystyrene, and polyethylene terephthalate are 
typical synthetic fibers, derived from petroleum rather than biorenewable resources. 
Contrary to the latter, petroleum provides inexpensive chemical building blocks, used in 
the synthesis of versatile polymers. However, many biobased polymers are still used in 
the production of textiles (cotton, jute), paper, and construction material, yet are not as 
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versatile as petroleum-based polymers. Biomass can be converted into synthetic 
polymers, chemically and functionally identical to those made of petroleum (ethylene, 
vinyl, propylene, styrene building blocks), but it can also be used to produce completely 
different polymers that have still the same functionality (poly-3-hydroxybutyrate, poly-3-
hydroxyvalerate, poly-4-hydroxybutyrate, and polylactic acid). 
Herbaceous plants (bamboo, hemp, jute, kenaf, sisal) have been used for paper 
and composite material (fibers and adhesive matrix blend) production. These crops 
represent a fraction of world pulping capacity, and their market and use are mainly in 
China, Pakistan, or India. For composites, natural fibers are often mixed with 3 to 12% 
adhesive matrix to reduce the final cost. Compared to synthetic fibers like Kevlar, natural 
fibers are very competitive, with respect to weight, tensile strength, and cost. Also, they 
are very environmental friendly, because less energy is consumed at the production step 
and because the final composited can be burnt for energy at its end of life. However, their 
handling, costs, and slightly lower properties have resulted in a preference for woody 
plant fiber. The ability to control fiber orientation in a composite is a great advantage to 
exploit the stiffness and strength of the final product. Finally, the capacity of fibers to 
flow over each other is important in the molding of material into complex shapes. All 
these industrial characteristics are thorough aspects that are directly linked to the fiber 
plant properties and anatomy. 
Some fiber crops can also be promising as fuel crops and, because of the 
worldwide desire to return to the use of biorenewable resources, these crops have 
received increasing attention. One such crop is kenaf (Hibiscus cannabinus L.), which 
could contribute to building a vital bioeconomy, especially in the U.S. 
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Kenaf, a biorenewable and multi-purpose crop 
Basic information about kenaf 
Kenaf is a fast-growing, annual crop that belongs to the Malvaceae family, along 
with cotton (Gossypium hirsutum L.) and okra (Hibiscus esculentum L.). It belongs to the 
genus Hibiscus that comprises about 400 annual and perennial species. Kenaf has been 
associated with over 120 common names, such as mesta, treal, roselle, ambary hemp, and 
rama (Sellers and Reichert, 1999), showing how widespread diverse this species is. 
Cheng et al. (2004) have successfully proven, using AFLP fingerprinting, that kenaf and 
roselle are two independent species, yet closely relationship. Kenaf is originally from 
Africa, more specifically Tanzania and Kenya (Xu et al., 2013), probably since 4000 BC. 
It was introduced in Asia three centuries ago, in China in the 1900’s and during the 
Second World War in the U.S. to make cordage and to supply the war needs (Dempsey, 
1975a). Nowadays, kenaf is mainly commercialized in China, India, and Thailand (Liu, 
2000). 
Kenaf is a diploid (2n = 36) with 18 pairs of chromosomes. In 2011, Cheng et al. 
were able to construct a genetic linkage map of kenaf, and some research has highlighted 
the genetic variability and heritability of kenaf genetic pool (Mostofa et al., 2002). 
However, this crop has received less attention among plant breeders and geneticists than 
cotton, due to cotton’s worldwide use and economic importance. Nevertheless, there has 
been a fair amount of research on kenaf genetics and its relationship with other crops 
from the same family. Also, breeding programs have been developed and numerous kenaf 
varieties have been developed to improve fiber yield, playing an important role in the 
genetic pool of kenaf.  
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So far, kenaf phenology has been divided into 4 phases: “time to emergence, a basic 
vegetative phase, a photoperiod-induced phase and a flower development phase” 
(Carberry et al., 1992). Water availability is crucial for kenaf seed germination and 
development (Angelini et al., 1998; Mosley and Baldwin, 1999). Kenaf is strongly 
dependent to daylength, especially for the floral initiation (Patanè and Sortino, 2010), and 
remains vegetative until daylength reaches around 12.5 hours before switching to its 
reproductive growth (Carberry et al., 1992). Therefore, seeds, usually viable after 35-40 
days after flowering, are not produced at high latitudes, such as in the northern U.S.  
Kenaf has a deep and extensive root system, whereas its fast-growing 
aboveground portion has a single green or burgundy stem and branches holding various-
shaped leaves. Kenaf stalks can reach a height of 4 to 6 m and can yield up to 24 Mg ha-1 
in 5-7 months (Brown and Brown, 2014). It requires low fertilizer (N-P-K) inputs and can 
usually successfully be grow in non-muddy soil of 5.7 – 8.2 pH (Cook, 1998).  
Kenaf is a C3 crop, but has a high photosynthetic and assimilation capacity. 
Assimilation rates can reach 32–37 μmol CO2 m−2 s−1 (Archontoulis et al., 2005; 
Danalatos and Archontoulis, 2005). The net assimilation rate can increase with N content 
in leaf (Archontoulis et al., 2012). The high efficiency of this crop has led to 
consideration of kenaf and its industrial end-products as carbon dioxide sinks (Pervaiz 
and Sain, 2003), but also as a high biomass crop, potentially used as feedstock (Saba et 
al., 2015a). It seems that kenaf can be an opportunistic crop with water use (BIOKENAF, 
2007), because kenaf leaves tend to roll during drought (Levitt, 1972). Also, Muchow et 
al. (1980) observed stomatal openings during the night, which may reduce the general 
water requirement and leaf transpiration. This was confirmed in a South Mediterranean 
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environment, where leaf transpiration increased at night (Riggi et al., 2004). However, 
transpiration also happens during the day and, for example, a single leaf can transpire 
almost 30 mm day-1 at full canopy, when air temperatures are above 35°C (Archontoulis 
et al., 2005).  
The industrial attractiveness of kenaf lies in its stem, whose diameter can be 25-
50 mm (Figure 1.1). The kenaf stem is composed of an inner porous and woody core (60-
65% of the stem), containing short fibers (0.6 mm-length, 33 μm-width on average, 
Monti and Alexopoulou, 2013). The outer fibrous bast (35-45% of the stem) contains 
long, strong, and valuable fibers for industry (2.5 mm-length, 17 μm-width in average, 
Sellers and Reichert, 1999). Due to the differences of fiber anatomy and properties, bast 
and core can have different purposes, but they need to be separated and purified.  
Retting is the step that consists of separating the unwanted material from the 
kenaf bark, which is the peripheral ring above the bast. Separating the bast and the core is 
called ribboning or decortication (Dempsey, 1975b), and is often followed by bleaching 
(sodium hydroxide, hydrogen peroxide, etc.). The simplest method to separate the bast 
from the core is by hand. Bast (phloem) and core (xylem) tissues are separated by the 
vascular cambium, which, when the plant is freshly harvested, is wet and allows the easy 
separation of bast and core by hand. But, the traditional retting method occurs in the field, 
where the stems are harvested and left in the field for several days, allowing to “rot” 
naturally by air, dew, and common bacteria. Often, the stems are submerged in water 
(ponds, canals, or tanks) to accelerate the process. More “industrial” methods are 
enzymatic retting, chemical/ mechanical retting, chemical/enzymatic retting (Dempsey, 
1975a; Ramaswamy, 1999), or steam explosion (Kokta et al., 1993). Ribboners and 
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decorticators have also been developed as mechanical harvesters and post-harvest 
equipment to separate all the stem portions.  
 
Kenaf uses and applications 
Kenaf is used for pulp and paper: 
Pulping is a method to loosen the lignin and to collect the fibers, and it is often 
used to further produce paper (Zhang and Wang, 2004). After separation of the bast and 
core portions, the lignin of kenaf fibers can be removed by bacterial pulping 
(development of white rot fungi, Ceriporiopsis subvermispora) or by biomechanical 
pulping (repetition of compression and relaxation of the fibers in water, disk refining; 
Young et al., 1999; Zhang and Wang, 2004). The pulp can make papers of different 
quality, ranging from low quality for core fibers to high quality for bast fibers, which 
have enough strength to support printing or writing application as well as wrapping and 
packaging (Neto et al., 1996; Saikia et al., 1997). Typical performance characteristics are 
pulping conditions and physical properties such as density, elongation, tensile strength, 
ISO brightness, printing opacity, tear resistance, sheet smoothness (Han et al., 1999b). 
But processing the whole stalk is easier and cheaper and the final paper product still has 
higher quality than conventional tree paper (Han et al., 1995). Often, the pulp has to be 
bleached to increase the brightness of the paper. A new use of unbleached kenaf fibers 
has been developed: magnetic paper. Fibers with large lumen are “soaked” in nano-sized 
ferrite particles in order to use the paper for multiple printers, information storage, etc. 
(Chia et al., 2008; Saba et al., 2015a). 
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Kenaf had prospects in cordage and textile: 
Kenaf can also be used for cordage, woven, and non-woven textile products. But 
contrary to cotton (pure cellulosic material), kenaf contains higher lignin content, which 
makes the bleaching (hydrogen peroxide, chlorine agents) or dyeing process slightly 
different (Romanoschi et al., 1999b). Kenaf bast, after being softened (enzymes, 
bleaching, mercerization; Bel-Berger et al., 1999), can be blended also with cotton to 
make yarns or to be knitted into fabrics, presenting cotton-like performance (Ramaswamy 
and Boyd, 1999). Air insulation and abrasion resistance are two qualities found in kenaf 
fibers, therefore, they could also be used for outer wear of jackets. 
Kenaf can also be used as a food and feed crop: 
Kenaf is rich in crude protein (14-34% for the leaves; 2-12% for the stalk; 
Webber, 1993) and its leaves is used as human food, similar to spinach, in India, in Haiti, 
and in some areas in Africa. The leaves and the scions of the plant are consumed by 
humans as early as 10 days after planting (Prakash, 2010). Kenaf leaves and the whole 
immature plant, bast, and core may have also some potential for animal feed (Phillips et 
al., 1996; Zhang, 2003) and kenaf forage quality can be comparable to corn silage 
(Nielsen, 2004). Kenaf can be consumed “fresh”, but can also be ensiled (Kipriotis et al., 
2015), which seemed to be promising in Asia (Kim et al., 2012). It was found to be an 
excellent source of energy in cattle diet (Daham et al., 2004; Suriyajantratong et al., 
1973) but it was not as successful when given to sheep (Killinger, 1969).  
Kenaf has potential for bioplastic and biocomposite industry: 
Kenaf bast fibers, rich in alpha-cellulose, as well as the very light kenaf core 
fibers, can be used as reinforcing fiber in biocomposite (Huda et al., 2008; Karimi et al., 
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2014), together or isolated. Kenaf can find application in many products such as 
particleboard, hardboard, insulation board, compression-molded products, and laminates 
(Figure 1.2). Kenaf could be overall quite promising in this area and may overcome the 
other natural fibers (Kozlowski et al., 2004; Saad and Kamal, 2012). For instance, Chow 
et al. (1998) have found that a blend of 40% kenaf fibers could be substituted to wood 
flour fillers and combined with virgin plastics (e.g. polypropylene or recycled low-
density polyethylene). Also, compared with other natural fibers, kenaf yields on average 
twice usable fiber (approximately 40% of the stalk) which makes this crop very 
attractive. When compared to glass fibers, kenaf-based material are cheaper and would 
only cost 0.40-0.55 $ kg-1, whereas glass fibers would cost 2.00 $ kg-1 (Zampaloni et al., 
2007).  
To be converted into composite material, kenaf has to be dried, hamermilled, 
fiberized, and placed in a hot press with an adhesive until the fibers bond to each other 
(Muehl et al., 1999). Overall, kenaf-based materials have a higher internal bond, modulus 
of rupture and modulus of elasticity than common wood panels, although a relatively low 
moisture resistance (Webber et al., 1999). When isolated, kenaf core panels usually 
present much lower densities (218 kg m-3), thermal conductivity, and higher acoustical 
properties than traditional wood panels, which makes them ideal for ceiling tiles, doors, 
or walls (Sellers et al., 1999), but also as furniture (Kalaycıoglu and Nemli, 2006). 
Medium density fiberboard panels made out of kenaf bast can be used for laminated 
floors, cabinet doors, etc., because modulus and tensile strength increase with cellulose 
content (Aji et al., 2009; Khalil et al., 2012). Even though bast fibers are attractive, the 
process may be difficult as an extruder would likely degrade the long natural fibers. 
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Besides being a reinforcement in composites, other applications such as kenaf composite 
sports wheelchair, cell phones, etc. seem very promising (Bhuta et al., 1999). 
Another application for bast and/or core is the automotive industry (Kamal, 
2014), but there are some challenges, specific to kenaf. The variability of the chemical 
composition and the risk of absorption of moisture may lead to consistency, durability, 
and quality issues (Bledzki and Gassan, 1999). Odor and smell may be noticeable. Also, 
kenaf-based biocomposite would be better accepted if the matrix was fully “green” and 
biodegradable (use of polylactic acid instead, for example). Despite these challenges, the 
Toyota Motor Corporation in Japan has commercialized the Toyota Lexus GS model that 
is composed of kenaf-based bioplastic (blended with polypropylene) in its interior 
components. The major benefit is reducing the weight of the vehicle, and therefore the 
fuel consumption and CO2 emissions (Toyota Motor Corporation, 2012). Another 
application already in use comes from Panasonic Electric Works that makes structural 
wall board with kenaf to replace plywood typically made with timber (Toyota Motor 
Corporation, 2011). The kenaf boards are lighter and therefore, require less man power to 
handle its use. 
Kenaf could be grown as a feedstock for bioenergy 
Kenaf could be converted into heat, biopower, biofuel, or chemicals, like 
switchgrass, corn, soybean, and other crops are used. In contrast to woody energy crops 
(eucalyptus, aspen, pine, poplar), kenaf can be harvested on an annual basis (Brown and 
Brown, 2014). Due to these properties, kenaf could be a promising alternative dedicated 
energy crop. However, kenaf characteristics for biomass purposes are not very well-
known. For instance, liquefaction (Meryemoğlu et al., 2014) and gasification (Zhou et al., 
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2009) are the only studies on thermochemical degradation of this crop. When compared 
with sorghum or wheat straw, kenaf oil yield produced from liquefaction (process that 
converts biomass into bio-crude or bio-oil) was similar. However, the heating value was 
higher and the biochar yield was lower (Meryemoğlu et al., 2014). Not only kenaf 
liquefaction was found to be promising for biofuel, but gasification (conversion of 
biomass into flammable gas mixtures, or syngas) was also encouraging for a different 
reason. Gas produced from kenaf gasification is combustible and could be competitive 
with the other gas resources (Zhou et al., 2009). 
Another thermochemical degradation that may be used on kenaf is the fast 
pyrolysis, derived from the conventional pyrolysis and defined as “the rapid thermal 
decomposition of organic compounds in the absence of oxygen to produce liquid, gas, 
and char” (Brown and Brown, 2014). Fast-pyrolysis has recently received a lot of 
attention, partly because it could help with reaching a carbon negative energy balance, in 
which biochar (solid carbon) is returned to the soil and sequesters part of the carbon.  
Other environmental uses of kenaf 
The kenaf core is very porous and is attractive for absorbent applications, such as 
are wipes, hygienic products (Zaveri, 2004), stormwater filtration system (Han et al., 
1999a), bedding for livestock, poultry or rodents. This is because kenaf acts like a sponge 
in terms of urine, odors, and dust (K.E.F.I., 2006). Oil spill cleaning is another promising 
application as numerous studies have shown good results (Pearson and Bonvicini, 1999). 
As a matter of fact, kenaf was one of the oil absorbents used in the BP oil spill in the Gulf 
of Mexico in 2010 (Essiet, 2012), because its fibers collected the oil before the water, 
which made this material float longer (Cleveland et al., 1999).  
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Kenaf is also a natural filter, which can improve soil and water quality. Along 
with papyrus and sorghum, kenaf has been shown to present the highest nitrogen and 
phosphorus removal rates (1.3-1.7 g m-2 d-1 and 0.24-0.26 g m-2 d-1, respectively), 
especially during the summer and fall (Abe and Ozaki, 1998). Kenaf could have 
undeniable advantages in the field, but also in organic farms, because it could be used as 
geotextile, used on soil for mulching, erosion control, or soil filters. Kenaf would be 
promising as biodegradable and competitive material (Leão et al., 2012; Romanoschi et 
al., 1999a).  
 
A desire to include kenaf in the bioeconomy 
Kenaf has received a lot of attention in Asia, because its production has been 
present there for many years. In 2015, India and China accounted for 44% and 29% of the 
world kenaf production (I.N.F.O., 2016), respectively. Because of the economic and 
agricultural importance of kenaf in Asia, a large amount of research has been done. 
Separation of bast and core, improvement of kenaf production, properties of kenaf-based 
material and products have been investigated (Akil et al., 2011; Basri et al., 2014; 
Mossello et al., 2010; Rashdi et al., 2009; Saba et al., 2015a; Su et al., 2004; Yu and Yu, 
2010). Europe has been another player in the development of kenaf research, mainly 
because of the BIOKENAF Project that has tried to integrate different approaches to 
cover the whole kenaf production chain and to evaluate its suitability in biobased 
products and bioenergy production (BIOKENAF, 2007; Fernando et al., 2006). 
In the U.S., kenaf interest started in the 1940’s when kenaf became an alternative 
for jute imports. In the 1960’s, the attention of kenaf was at its peak, but in 1978, USDA-
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ARS ceased kenaf research for 8 years, due to a change in priorities at the time, such as 
the investigation on hydrocarbon research (Kugler, 1988). However, there has been 
recognition that there is a need to increase the development and use of biofibers for 
biobased products, as alternatives to synthetic fibers (Chen and Porter, 1994; Mohanty et 
al., 2002; Saba et al., 2015b). Public awareness about tree-free paper and new 
environmental-friendly material is a major trigger to scientific and industrial 
investigations. Companies such as KP Products Inc., Vision Paper, Kenaf International, 
Delta Fiber show interest in kenaf (Rymsza, 2000). Similar attention has been given to 
kenaf in Italy (Ardente et al., 2008), Brazil (Leao et al., 1998), Argentina (Falasca et al., 
2014), Spain (Villar et al., 2009), and Greece (Grigoriou et al., 2000).  
The 21st century has focused more on green and various alternatives to provide 
biodegradable and environmental-friendly materials, but also to protect our natural 
resources. Agriculture, from which the raw materials for these products come, has 
received a lot of attention, because it has become obvious that, while growing food, feed, 
fuel, or fiber crops, more efforts need to be made to preserve soil quality, nutrient 
composition, and water quality and to limit soil erosion and environment contamination 
on the long-term period. 
 
Kenaf research in the U.S. 
Importance of kenaf in the U.S. 
In the U.S., there were approximately 10,000 ha of land cultivated with kenaf in 
2000, mostly located in Mississippi, New-Mexico, Georgia and Texas. Kenaf production 
in the U.S. is currently not able to compete economically with overseas production. 
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Growing kenaf in the U.S. is challenging, mostly because the separation of bast and core 
has to be mechanized to be economic (Liu, 2004). In the U.S., Hemp Inc. has recently 
purchased Temafa decortication equipment (Hemp Inc., 2014), one of the first in the U.S. 
Also, the domestic demand is not high, since there are cheaper alternatives, especially 
synthetic polymers.  
Kenaf is mainly grown in the southern of the U.S., yet there is a relatively large 
number of studies conducted in other regions, related to the plant growth and the 
management practices. This crop has been investigated and many characteristics have 
been evaluated. Aboveground yield, bast and core partitioning, leaf area index, stalk 
height and diameter, and leaf nodes are common characteristics. Kenaf has been 
subjected to various agronomic treatments, such as row spacing, planting date, sowing 
density, fertilizer inputs, water regimes, soil diversity, and cultivars. However, these 
studies generally have not evaluated all parameters simultaneously.  
 
What is known about kenaf production in the U.S.  
Cultivars 
Because the bast fibers are the most valuable portion of the plant, breeding 
programs in the world, but also in the U.S., have developed cultivars more suitable for 
fiber production (Webber and Bledsoe, 2002). About 240 cultivars have been developed, 
but only less than 10 are successfully commercialized in the U.S. (Alexopoulou et al., 
2015). ‘Everglades 41’ and ‘Everglades 71’, released by the USDA in the 1960’s, 
exhibited greater disease resistance, better stalk yield, and stalk percentage than other 
varieties (compared to leaf percentages; Wilson et al., 1965). ‘SF-459’, also from the 
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USDA, has been well established in soil that contains high amounts of nematodes, a 
common pest to kenaf (Cook and Scott Jr, 1995).  
Among newer cultivars, ‘Tainung 2’ has often shown greater yields in the U.S. 
This was the case in Oklahoma (Webber, 1993b; Webber, 1997), where stem yields 
averaged 13.8 Mg ha-1 and 21.8 Mg ha-1, in multiple year studies, compared to typical 
kenaf yields from 11 to 18 Mg ha-1 in the U.S. But, productivity of Tainung does not 
always surpass that of other cultivars (Danalatos and Archontoulis, 2010). Indeed, the 
location effect on Tainung 2 growth was visible, when compared in Missouri, Oklahoma, 
and Mississippi (Ching et al., 1992). The performance of Tainung 2 in other states is still 
unknown. 
‘Whitten’, developed in 2006 at Mississippi State University (Baldwin et al., 
2006), has presented similar performance to Tainung 2 when grown in Mississippi, 
however it has not been widely grown elsewhere. A distinguishing characteristic of 
Whitten individuals is that their leaves are cordate and shallowly lobed, contrary to 
Tainung 2, which develops divided and deeply lobed leaves. This difference may 
influence leaf physiology and the photosynthetic activity. Because it does not resemble 
marijuana (Cannabis sativa L.), Whitten can avoid potential trouble with local law 
enforcement. Although Whitten could have more advantages than Tainung 2, it has not 
been extensively studied. 
Agricultural practices 
Multiple studies have been conducted overseas to evaluate crop and fiber yield, 
with respect to optimal agricultural practices. Plant population should vary from 20 to 50 
plants  m-2 and row spacing should range between 35 and 50 cm, when grown in Europe 
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or in China (Alexopoulou et al., 2015). Seeds should be sowed at a depth of 2.5 cm, as 
soon as the soil reach a temperature of 13°C (Alexopoulou et al., 2013; Stricker et al., 
2001). No-till could be a feasible option for kenaf, under the condition that the land is 
kept weed-free and well-irrigated (Mosley and Baldwin, 1999). 
In the U.S., Banghoo et al. (1986) showed that when grown in California, a seed 
density of 34.6 seed m-2 and a 38-cm row width resulted in maximum stem yields (35.9 
Mg ha-1), which was also found in Mississippi (35.5-cm rows; Baldwin and Graham, 
2006). High seed densities also led to higher stem yields when grown in Florida (Wilson 
and Joyner, 1969), in Georgia (Higgins and White, 1970), and in Maryland (White et al., 
1971). With respect to row spacing, Salih (1978) has also shown that narrow rows led to 
higher kenaf stem production than wide rows. Williams (1966), however, has found no 
significant effect of row spacing under non-irrigated conditions. Planting date has also 
been demonstrated to greatly affect kenaf stem yield and delayed planting leads to 
reduced stem yields (Banghoo et al., 1986; Campbell and White, 1982; White et al., 
1971). Interestingly, even though sowing date affected kenaf yield, plant density was 
found to not be significantly influenced by the planting date (Webber and Bledsoe, 2002). 
With respect to rotation strategies, soybean and Everglades 41 yields were not 
negatively affected, when grown in rotation in Oklahoma for three years (Webber, 1999). 
Kenaf stem yield reached 7.9 t ha-1 and soybean yields were 866 kg ha-1 on average. 
However, continuous kenaf resulted in the highest yield in the final year of the study (9.4 
t ha-1). In another study, kenaf grown in North Carolina and following soybean reached 
the same yield as when following corn (Jordan et al., 2005). In this same study, corn yield 
following kenaf was not different than usual.  
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Fertilization and water inputs 
Several international research studies have investigated the influence of N on 
stem yields and showed positive effects (Anfinrud et al., 2013; White and Higgins, 1964). 
For instance, N rates ranging from 0 to 150 kg ha-1 enhanced kenaf yield, when grown in 
Georgia (Adamson et al., 1979), but it did not appear to influence its growth, when grown 
in central Greece (Danalatos and Archontoulis, 2010). Similar results were found in 
Georgia (Massey, 1974). In Oklahoma, modest nitrogen fertilization helped kenaf 
productivity, but too much nitrogen (224 kg N ha-1) reduced its yield (Webber, 1996). It 
has been suggested that the responses to N depend on the soil type (Joyner et al., 1965). 
For instance, yields improved with N addition under conditions of low soil N availability 
(Sij and Turner, 1988). However, yields were not influenced by N fertilization in silty 
clay soil in Missouri (Ching Jr and Webber III, 1993), or on silty clay loam soil in 
Nebraska (Williams, 1966). Mantineo et al. (2008) calculated that kenaf took up 55% of 
the N fertilizer applied at planting and the rest of the N must have leached, volatilized or 
was immobilized by soil microorganisms. Overall, the N demand for kenaf is not always 
clear and requires more investigation. 
Beside N, soil K composition may be an issue for kenaf cultivation, because kenaf 
included in soybeans rotation resulted in a drop in K content in the soil, when grown in 
Oklahoma (Webber, 1999) or in Europe (Alexopoulou et al., 2009). Based on these 
results, adding 42 kg ha-1 of K at planting was the strategy adopted in Oklahoma in order 
to counter the K depletion. But overall, the response of kenaf to fertilizers will mainly 
depending on the local soil nutrient composition.  
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With respect to irrigation, studies have shown that kenaf production increased 
with irrigation and that the bast and core ratio was not influenced by water addition, when 
grown in California (Bañuelos et al., 2002). Kenaf can suffer water stress, which can 
potentially improve fiber yield (Ogbonnaya et al., 1997); however, kenaf is relatively 
resistant to drought (Cook, 1998). 
Pests and weeds 
Kenaf is sensitive to Meloidogyne incognita, M. javanica, M. arenaria root-knot 
nematodes (Zhang and Noe, 1996). Also, the presence of various nematodes on soybean 
and kenaf roots (Pratylenchus spp., Helicotylenchus spp., Xiphinema americanum, and 
Hoplolaimus galeatus) has been found in some field experiments (Webber, 1999).  
Kenaf is relatively sensitive to weeds at early stages of development and a weed control 
is strongly suggested (Webber et al., 2002a). But as kenaf is a fast-growing crop 
(Alexopoulou et al., 2000), once the crop is tall enough, weed pressure is not an issue 
anymore, because they are mostly shaded by the kenaf (Burnside and Williams, 1968). In 
the U.S., typical herbicides used to protect kenaf are Treflan EC, Treflan MTF, or Treflan 
5 for pre-sowing, and Bueno 6 and Fusilade 2000 for post-emergence (Kurtz, 1994). 
 
Growing kenaf in the American Midwest. 
Literature on kenaf growth and production in the U.S. Corn Belt is rare; however, 
kenaf could become well established as a specialty crop in the Midwest, especially in 
Iowa, if properly grown (Baldwin, 1996; Janick et al., 1996). Iowa crop production is 
mostly based on feed, food and fuel industries, but at this time, the fiber industry is not 
important. About 70% of Iowa’s landscape is dominated with corn and soybean crops and 
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several research studies have indicated the need to diversify crop rotations in Iowa (Davis 
et al., 2012; Karlen et al., 2006). Adding kenaf into existing crop systems in Iowa would 
move the economy of the state even further towards a bioeconomy. It has already been 
noted that kenaf is a good candidate for a biofuel feedstock (Berti et al., 2013; 
Meryemoğlu et al., 2014; Saba et al., 2015a) and Iowa leads all other states in biofuel 
production.  
Iowa has a great capacity to produce high corn and soybean yields, mainly due to 
its rich soil that is very fertile and rich in organic matter. Diversification of cropping 
systems is an important management strategy, which can provide many advantages. 
Examples are improvement of soil fertility and health, increased nutrient availability, 
control of pests and weeds, and enhanced yields. Moreover, it provides to farmers a 
variety of economic resources and avoids dependence on a single crop. Crop 
diversification, such as the inclusion of kenaf in the landscape, may influence the soil 
mineral content slightly (K depletion), as well as the pH. Webber III (1999) observed that 
growing kenaf, especially in rotation with soybean, resulted in a drop in pH. However, N 
and P filtration properties have been shown in a glass house in Japan in domestic water-
waste rates (1.3-1.7 g m-2 d-1 N and 0.24-0.26 g m-2 d-1 P, removed respectively; Abe and 
Ozaki, 1998). In light of these results, kenaf roots may contribute to an improved water 
quality in Iowa.  
Crop production in Iowa is probably the most important aspect of the state’s 
agriculture, as farmers depend financially on the crop growth and yield. Environmental 
aspects are obviously very concerning too, especially in the long-term. Kenaf inclusion in 
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Iowan agriculture has not been tested yet; however, it could become an important 
specialty crop in Iowa. 
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Objectives 
 
Given the gaps in knowledge of kenaf and its potential as a crop when grown in 
Iowa, this project investigated different aspects of kenaf production and processing. The 
overall objectives of this dissertation were to: (1) develop best management practices to 
reach high stem and fiber yield in Iowa and to increase the biofuel potential of kenaf; (2) 
predict the consequences on soil and water use of including kenaf in the Iowa agriculture, 
using a modelling approach. Five studies were conducted to address these objectives. The 
objective of the first study was to evaluate several kenaf varieties for suitability for kenaf 
and biofuel potential in Iowa. The objective of the second study was to develop optimal 
management practices (planting date, row spacing, seed rate, and N fertilization) to 
obtain optimum yield and fiber partitioning. The objective of the third study was to 
determine a true combination of agricultural practices, focused on N fertilization for two 
kenaf varieties. The objective of the fourth study was to compare kenaf productivity and 
morphology of two kenaf varieties, subjected to two seeding rates, when grown in Iowa 
and in Kentucky in 2014 and 2015. The objectives of the fifth study were to develop a 
model for kenaf in the APSIM platform and, using the model, and predict the response of 
soil water, nitrate, and organic carbon, when kenaf is grown in rotations with corn or corn 
and soybean. 
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Dissertation Organization 
 
This dissertation is organized into seven chapters, and focuses on five manuscripts 
that have been submitted or accepted to various Journals. The first chapter introduces the 
main challenges of our society and describe what is known about kenaf. The objectives of 
this dissertation are then laid down. The second chapter contains the manuscript “Variety 
trial and pyrolysis potential of kenaf grown in Midwest United States”, accepted in 
Bioenergy Research. The third chapter presents the manuscript “Kenaf productivity as 
affected by management practices in Iowa”, submitted to Agronomy Journal. The fourth 
chapter contains the manuscript “Best agricultural practices for growing kenaf in Iowa”, 
soon to be submitted to Crop Sciences in two different papers. The fifth chapter presents 
the manuscript “Kenaf productivity and morphology, when grown in Iowa and in 
Kentucky”, accepted in Industrial Crops and Products. The sixth chapter contains the 
manuscript “A model for evaluating production and environmental performance of kenaf 
in rotation with other crops”, soon to be submitted to Industrial Crops and Products. 
Finally, the seventh chapter summarizes the major findings in the previous chapters and 
describes the contribution of this work to our knowledge. 
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Tables 
 
Table 1.1. Production and consumption of 2015 energy resources (CIA, 2016). 
Source Production Consumption Reserved 
Electricity 22.57 trillion kWh 20.99 trillion kWh  
Crude Oil 79.17 million barrel day-1 
 1660.00 million 
barrel day-1 
Refined Petroleum 
Products 
86.37 million barrel 
day-1 
90.05 million barrel 
day-1 
 
Natural Gas 3.43 trillion m3 3.42 trillion m3 191.40 trillion m3 
 
 
 
 
Table 1.2. Economic competitiveness of biorenewable and traditional feedstock (Brown 
and Brown, 2014). 
 
Feedstock Cost $ GJ-1 
Switchgrass 2.5 – 3 
Coal < 1.00 
Natural Gas 2 – 4 
Petroleum 3 – 6 
31 
 
 
 
 
 
Figures 
 
 
Figure 1.1. Kenaf stem with bast (green outer part) and core (yellow-white inner part; A) 
and image of kenaf stem structure and cross-section (B) of core by SEM (Webber and 
Bledsoe, 2002). 
 
 
 
Figure 1.2. Building materials produced with whole-stalk kenaf (A) and bioplastic and 
bio-resin examples (B; Webber et al., 2002b) 
 
 
 
A B 
A B 
32 
 
 
 
 
 
REFERENCES 
 
Abe, K., and Ozaki, Y. (1998). Comparison of useful terrestrial and aquatic plant species 
for removal of nitrogen and phosphorus from domestic wastewater. Soil Sci. Plant Nutr. 
44, 599-607. 
Adamson, W., Long, F., and Bagby, M. (1979). Effect of nitrogen fertilization on yield, 
composition, and quality of kenaf. Agron. J. 71, 11-14. 
Aji, I., Sapuan, S., Zainudin, E., and Abdan, K. (2009). Kenaf fibres as reinforcement for 
polymeric composites: a review. Int. J. Mech. Mater. Eng. 4, 239-248. 
Akil, H., Omar, M., Mazuki, A., Safiee, S., Ishak, Z., and Bakar, A. A. (2011). Kenaf 
fiber reinforced composites: A review. Mater. Design 32, 4107-4121. 
Alexopoulou, E., Christou, M., Mardikis, M., and Chatziathanassiou, A. (2000). Growth 
and yields of kenaf varieties in central Greece. Ind. Crop. Prod. 11, 163-172. 
Alexopoulou, E., Cosentino, S., Danalatos, N., Picco, D., Lips, S., Van den Berg, D., 
Fernando, A., Monti, A., Tenorio, J., and Kipriotis, E. (2013). New insights from the 
Biokenaf Project. In "Kenaf: A Multi-Purpose Crop for Several Industrial Applications" 
(A. Monti and E. Alexopoulou, eds.), pp. 177-203. Springer. 
Alexopoulou, E., Cosentino, S., Danalatos, N., Venturi, G., Fernando, A., Tenorio, J., 
Cadoux, S., Veccheit, M., and Kipriotis, E. (2009). Biomass yields of kenaf in Europe: 
effect of site, year and cultural practices on yields. In "Proceedings of the 17th European 
biomass conference and exhibition, from research to industry and markets", pp. 138-141. 
Alexopoulou, E., Li, D., Papatheohari, Y., Siqi, H., Scordia, D., and Testa, G. (2015). 
How kenaf (Hibiscus cannabinus L.) can achieve high yields in Europe and China. Ind. 
Crop. Prod. 68, 131-140. 
Anfinrud, R., Cihacek, L., Johnson, B. L., Ji, Y., and Berti, M. T. (2013). Sorghum and 
kenaf biomass yield and quality response to nitrogen fertilization in the Northern Great 
Plains of the USA. Ind. Crop. Prod. 50, 159-165. 
Angelini, L., Macchia, M., Ceccarini, L., and Bonari, E. (1998). Screening of kenaf 
(Hibiscus cannabinus L.) genotypes for low temperature requirements during 
germination and evaluation of feasibility of seed production in Italy. Field Crop. Res. 59, 
73-79. 
33 
 
 
 
 
 
Archontoulis, S., Struik, P., and Danalatos, N. (2005). Leaf photosynthesis of kenaf (cv. 
Everglades 41) as affected by different light intensity and temperature regimes. In 
"Proceedings of the 14th European biomass conference", pp. 17-21, Paris, France. 
Archontoulis, S., Yin, X., Vos, J., Danalatos, N., and Struik, P. (2012). Leaf 
photosynthesis and respiration of three bioenergy crops in relation to temperature and leaf 
nitrogen: how conserved are biochemical model parameters among crop species? J. Exp. 
Bot. 63, 895-911. 
Ardente, F., Beccali, M., Cellura, M., and Mistretta, M. (2008). Building energy 
performance: a LCA case study of kenaf-fibres insulation board. Energ. Buildings 40, 1-
10. 
Baldwin, B., Hollowell, J., Mosley, J., and Cossar, R. (2006). Registration of ‘Whitten’ 
kenaf. Crop Sci. 46, 988-989. 
Baldwin, B. S. (1996). Adaptation of kenaf to temperate climatic zones. In "Progress in 
new crops. Proceedings of the Third National Symposium NEW CROPS: New 
Opportunities, New Technologies" (J. Janick, ed.), pp. 402-404. ASHS Press, Alexandria, 
VA. 
Baldwin, B. S., and Graham, J. W. (2006). Population density and row spacing effects on 
dry matter yield and bark content of kenaf (Hibiscus cannabinus L.). Ind. Crop. Prod. 23, 
244-248. 
Banghoo, M., Tehnani, H., and Handerson, J. (1986). Effect of planting date, nitrogen 
levels, row spacing and plant population on kenaf performance in the San Joaquin Valley, 
Califonia. Agron. J. 78, 600-604. 
Bañuelos, G. S., Bryla, D. R., and Cook, C. G. (2002). Vegetative production of kenaf 
and canola under irrigation in central California. Ind. Crop. Prod. 15, 237-245. 
Basri, M. H. A., Abdu, A., Junejo, N., Hamid, H. A., and Ahmed, K. (2014). Journey of 
kenaf in Malaysia: A review. Sci. Res. Essays 9, 458-470. 
Bel-Berger, P., Kimmel, L., Boylston, E., Hoven, T., and Ramaswamy, G. N. (1999). 
Properties of kenaf/cotton blend yarns and fabrics. In "Kenaf properties, processing and 
products" (T. Sellers and N. A. Reichert, eds.), pp. 203-211. Mississippi State University, 
Madison, WI. 
34 
 
 
 
 
 
Bernesson, S., Nilsson, D., and Hansson, P.-A. (2004). A limited LCA comparing large-
and small-scale production of rape methyl ester (RME) under Swedish conditions. 
Biomass Bioenerg. 26, 545-559. 
Berti, M. T., Kamireddy, S. R., and Ji, Y. (2013). Row spacing affects biomass yield and 
composition of kenaf (Hibiscus cannabinus L.) as a lignocellulosic feedstock for 
bioenergy. J. Sustain. Bioenerg. Syst. 3, 68-73. 
Bhuta, M., Hall, H. L., Ziimmernman, J. M., Burcham, T. N., Columbus, E. P., and 
Fuller, M. J. (1999). Kenaf composite sports wheelchair. In "Kenaf properties, 
processing, and products" (T. Sellers and N. A. Reichert, eds.). Mississippi State 
University, Madison, WI. 
BIOKENAF, B. (2007). Kenaf booklet of biomass production chain and growth 
simulation model for kenaf (BIOKENAF) project. Contract No. QLK5 CT200201729, 
funded by European Commission. www. cres. gr/biokenaf. 
Bledzki, A., and Gassan, J. (1999). Composites reinforced with cellulose based fibres. 
Prog. Polym. Sci. 24, 221-274. 
Brown, R. C., and Brown, T. R. (2014). "Biorenewable resources: engineering new 
products from agriculture.," John Wiley & Sons, New York, NY. 
Burnside, O., and Williams, J. (1968). Weed control methods for kinkaoil, kenaf, and 
sunn crotalaria. Agron. J. 60, 162-164. 
Campbell, T., and White, G. (1982). Population density and planting date effects on 
kenaf performance. Agron. J. 74, 74-77. 
Carberry, P., Muchow, R., Williams, R., Sturtz, J., and McCown, R. (1992). A simulation 
model of kenaf for assisting fibre industry planning in northern Australia. I. General 
introduction and phenological model. Crop Pastur. Sci. 43, 1501-1513. 
Carriquiry, M. (2007). US biodiesel production: recent developments and prospects. Iowa 
Ag Rev. 13, 8-9, 11. 
Chen, H. L., and Porter, R. S. (1994). Composite of polyethylene and kenaf, a natural 
cellulose fiber. J. Appl. Sci. 54, 1781-1783. 
35 
 
 
 
 
 
Chen, M. x., Wei, C. l., Qi, J. m., Chen, X. b., Su, J. g., Li, A. Q., Tao, A. f., and Wu, W. 
r. (2011). Genetic linkage map construction for kenaf using SRAP, ISSR and RAPD 
markers. Plant Breeding 130, 679-687. 
Cherubini, F., and Strømman, A. H. (2011). Life cycle assessment of bioenergy systems: 
state of the art and future challenges. Bioresource Technol. 102, 437-451. 
Chia, C., Zakaria, S., Nguyen, K., and Abdullah, M. (2008). Utilisation of unbleached 
kenaf fibers for the preparation of magnetic paper. Ind. Crop. Prod. 28, 333-339. 
Chiari, L., and Zecca, A. (2011). Constraints of fossil fuels depletion on global warming 
projections. Energ. Policy 39, 5026-5034. 
Ching, A., Webber, C. L., and Neill, S. W. (1992). Effect of location and cultivar on 
kenaf yield components. Ind. Crop. Prod. 1, 191-196. 
Ching Jr, A., and Webber III, C. (1993). Effect of fertilizer applications on kenaf 
photosynthesis, growth and yield. . In "4th Interntational Kenaf Conference Proceedings, 
International Kenaf Association", pp. 17-23, Lasdonia, TX. 
Chow, P., Bajwa, D. S., Lu, W.-d., Youngquist, J. A., Stark, N. M., Li, Q., and English, 
B. (1998). Injection molded composites from kenaf and recycled plastic. In "Proceedings 
of 1st Annual American Kenaf Society Meeting", San Antonio, TX. 
CIA (2016). The World Factbook. https://www.cia.gov/library/publications/the-world-
factbook/geos/xx.html. 
Clay, J. (2013). "World agriculture and the environment: a commodity-by-commodity 
guide to impacts and practices," Island Press. 
Cleveland, T. G., Rixey, W. G., Tiller, F. M., Varghese, B. K., and Liu, H. (1999). Kenaf 
as an absorbent, a body-feed filter aid, and coalescence aid. In "Kenaf Properties, 
Processing and Products" (T. Sellers and N. A. Reichert, eds.), pp. 455-470. Mississippi 
State University, Madison, WI. 
Cook, C., and Scott Jr, A. (1995). Plant populations effects on kenaf seed production. In 
"Proceedings International Kenaf Association Conference", Vol. 7, pp. 153-158, Irving, 
TX. 
Cook, C. G. (1998). Effect of soil salinity on kenaf performance in California. In "Annual 
Conference Proceedings", Vol. 1, pp. 21. The Society. 
36 
 
 
 
 
 
Daham, M. M., Zahari, M. W., Mohd Najib, M. A., Shukri, M., and Liang, J. B. (2004). 
Recent advances in kenaf production for animal feed - Malaysia experiences. In 
"International Development of Kenaf and Allied Fibers: Proceedings of the International 
Kenaf Symposium, August 19-21, 2003, Beijing, China" (A. Liu, ed.). CCG 
International. 
Danalatos, N., and Archontoulis, S. (2005). Sowing time and plant density effects on 
growth and biomass productivity of two kenaf varieties in central Greece. In 
"Proceedings of the International Conference on Industrial Crops and Rural 
Development", pp. 889-901, Murcia, Spain. 
Danalatos, N., and Archontoulis, S. (2010). Growth and biomass productivity of kenaf 
(Hibiscus cannabinus, L.) under different agricultural inputs and management practices 
in central Greece. Ind. Crop. Prod. 32, 231-240. 
Davis, A. S., Hill, J. D., Chase, C. A., Johanns, A. M., and Liebman, M. (2012). 
Increasing cropping system diversity balances productivity, profitability and 
environmental health. PloS One 7, e47149. 
Dempsey, J. (1975a). Kenaf. In "Fiber crops", pp. 203-302. The University Presses of 
Gainesville, Gainesville, FL. 
Dempsey, J. M. (1975b). "Fiber crops," The University Presses of Gainesville, 
Gainesville, FL. 
Elbehri, A., Coyle, W., Dohlman, E., Kmak, H., Ferrell, J., Haq, Z., Houghton, J., Stokes, 
B., Buford, M., and Nieh, W. (2008). The economics of biomass feedstocks in the United 
States. Biom. Res. Development Board Technical Report. 
Elbehri, A., Segerstedt, A., and Liu, P. (2013). Biofuel and the sustainability challenge. 
In "Food and Agriculture Orgainisation of the United Nations, Trade and Markets 
Division". Food and Agriculture Organinsation of the United Nations, Rome, Italy. 
Essiet, D. (2012). Oil spill clean-up: kenaf to the rescue. In "The Nation", 
http://thenationonlineng.net/oil-spill-clean-up-kenaf-to-the-rescue/. 
Falasca, S., Ulberich, A., and Pitta-Alvarez, S. (2014). Possibilities for growing kenaf 
(Hibiscus cannabinus L.) in Argentina as biomass feedstock under dry-subhumid and 
semiarid climate conditions. Biom. Bioenerg. 64, 70-80. 
37 
 
 
 
 
 
FAO (2008). The State of Food and Agriculture 2008 
http://www.fao.org/docrep/011/i0100e/i0100e00.htm. 
FAO (2009a). Climate change and bioenergy challenges for food and agriculture. In 
"How to feed the world 2015, High-level expert forum", Rome, Italy. 
FAO (2009b). Global agriculture towards 2050. In "How to feed the world 2050, High-
level expert forum", Rome, Italy. 
FAO ICAC (2013). World Apparel Fiber Consumption Survey. 
FAO OECD (2009). Overview of the OECD-FAO Agricultural Outlook 2009-2018. In 
"OECD-FAO Agricultural Outlook 2009-2018". OECD Publishing, Paris, France. 
FAO OECD (2016). Overview of the OECD-FAO Agricultural Outlook 2016-2025. In 
"OECD-FAO Agricultural Outlook 2016-2025". OECD Publishing, Paris, France. 
Fernando, A., Duarte, M., Morais, J., Catroga, A., Serras, G., Lobato, N., Mendes, B., 
and Oliveira, J. (2006). Biomass production chain and growth simulation model for kenaf 
- Biokenaf, individual progress report for the period 1st April 2005 to 28th February 
2006. FCT/UNL Lisbon, Portugal. 
Goldemberg, J., Coelho, S. T., and Guardabassi, P. (2008). The sustainability of ethanol 
production from sugarcane. Energ. Policy 36, 2086-2097. 
Grigoriou, A., Passialis, C., and Voulgaridis, E. (2000). Experimental particleboards from 
kenaf plantations grown in Greece. Holz Roh. Werkst. 58, 309-314. 
Han, J., Kim, W., and Rowell, R. (1995). Chemical and physical properties of kenaf as a 
function of growth. In "Proceeding of the 7th Annual International Kenaf Association 
Conference", pp. 63-83, Irving, TX. 
Han, J. S., Miyashita, E. S., Lin, Y.-y., and Roa, A. (1999a). Stormwater filtration of a 
municipal detention pond. In "Proceedings of 5th Chemical Congress of North America, 
American Chemical Society". 
Han, J. S., Miyashita, E. S., and Spielvogel, S. J. (1999b). Properties of kenaf from 
various cultivars, growth and pulping conditions. In "5th Chemical Congress of North 
America". 
38 
 
 
 
 
 
Hein, K. R. (2005). Future energy supply in Europe - challenge and chances. Fuel 84, 
1189-1194. 
Heinimö, J., and Junginger, M. (2009). Production and trading of biomass for energy - an 
overview of the global status. Biom. Bioenerg. 33, 1310-1320. 
Hemp Inc. (2014). Hemp, Inc. purchases hemp decortication equipment that was 
originally purchased for over $10,000,000 to be used for core processing of raw hemp in 
U.S. OTC Disclosure & News Service, 
http://www.otcmarkets.com/stock/GLCO/news?id=80912. 
Higgins, J., and White, G. (1970). Effects of plant population and harvest date on stem 
yield and growth components of kenaf in Maryland. Agron. J. 62, 667-668. 
Höök, M., and Tang, X. (2013). Depletion of fossil fuels and anthropogenic climate 
change - A review. Energ. Policy 52, 797-809. 
Huda, M. S., Drzal, L. T., Mohanty, A. K., and Misra, M. (2008). Effect of fiber surface-
treatments on the properties of laminated biocomposites from polylactic acid (PLA) and 
kenaf fibers. Compos. Sci. Technol. 68, 424-432. 
I.N.F.O. (2016). Kenaf. International Natural Fiber Organization, 
http://www.naturalfibersinfo.org/natural-fibers/kenaf/. 
IPCC (2007). "Climate change 2007: the physical science basis. contribution of working 
group i to the fourth assessment report of the intergovernmental panel on climate 
change." 
IRENA (2014). Rethinking energy: Renewable energy and climate change. In "United 
Nations Framework Convention on Climate Change", Paris, France. 
Jaggard, K. W., Qi, A., and Ober, E. S. (2010). Possible changes to arable crop yields by 
2050. Philos. T. Roy. Soc. B. 365, 2835-2851. 
Janick, J., Blase, M. G., Johnson, D. L., Jolliff, G. D., and Myers, R. L. (1996). 
Diversifying U.S. crop production. In "Issue Paper", Vol. 6. Council for Agricultural 
Science and Technology. 
Jordan, D. L., Barnes, J. S., Bogle, C. R., Marshall, T. M., Corbett, T., Crozier, C. R., 
McLawhorn, B., and Fisher, L. (2005). Influence of cultural practices and crop rotation 
on kenaf yield in North Carolina. Crop Management 4, 0-0. 
39 
 
 
 
 
 
Joyner, J., Fishler, D., and Wilson, F. (1965). Fertility studies in kenaf. In "2nd 
International Kenaf Conference Proceedings", pp. 105-118, Palm Beach, FL. 
K.E.F.I. (2006). Company profile. http://www.kenaf-fiber.com/en/azienda.asp. 
Kalaycıoglu, H., and Nemli, G. (2006). Producing composite particleboard from kenaf 
(Hibiscus cannabinus L.) stalks. Ind. Crop. Prod. 24, 177-180. 
Kamal, I. B. (2014). Kenaf for biocomposite: An overview. J. Sci. Technol. 6. 
Kang, S. H., and Yoon, S.-M. (2013). Modeling and forecasting the volatility of 
petroleum futures prices. Energ. Econ. 36, 354-362. 
Karimi, S., Tahir, P. M., Karimi, A., Dufresne, A., and Abdulkhani, A. (2014). Kenaf 
bast cellulosic fibers hierarchy: a comprehensive approach from micro to nano. 
Carbohydr. Polym. 101, 878-885. 
Karlen, D. L., Hurley, E. G., Andrews, S. S., Cambardella, C. A., Meek, D. W., Duffy, 
M. D., and Mallarino, A. P. (2006). Crop rotation effects on soil quality at three northern 
corn/soybean belt locations. Agron. J. 98, 484-495. 
Khalil, H. A., Hassan, A., Zaidon, A., Jawaid, M., and Paridah, M. (2012). Oil palm 
biomass fibres and recent advancement in oil palm biomass fibres based hybrid 
biocomposites. In "Composites and their applications" (N. Hu, ed.), pp. 187-220. Intech 
Open Access Publisher. 
Killinger, G. (1969). Kenaf (Hibiscus cannabinus L.), a multi-use crop. Agron. J. 61, 
734-736. 
Kim, B. W., Sung, K. I., Nejad, J. G., and Shin, J. S. (2012). Nutritive value and 
fermentation quality of the silage of three kenaf (Hibiscus cannabinus l.) cultivars at 
three different growth stages. J. Korean Soc. Grassl. Forag. Sci. 32, 353-360. 
Kipriotis, E., Heping, X., Vafeiadakis, T., Kiprioti, M., and Alexopoulou, E. (2015). 
Ramie and kenaf as feed crops. Ind. Crop. Prod. 68, 126-130. 
Kokta, B. V., Ahmed, A., and Esdale, B. (1993). Steam explosion pulping of kenaf: a 
preliminary study on pulp characteristics and a comparison with simulated CMP and 
CTMP of kenaf. J. Wood Chem. Technol. 13, 213-236. 
40 
 
 
 
 
 
Kozlowski, R., Rawluk, M., and Barriga, J. (2004). World production of bast fibrous 
plants and their diversified uses. In "International Development of Kenaf and Allied 
Fibers: Proceedings of the International Kenaf Symposium, August 19-21, 2003, Beijing, 
China". CCG International. 
Kugler, D. E. (1988). Kenaf newsprint: realizing commercialization of a new crop after 
four decades of research and development: a report on the Kenaf Demonstration Project. 
Kurtz, M. E. (1994). Tolerance of kenaf (Hibiscus cannabinus L.) to postemergence-
directed herbicides. Ind. Crop. Prod. 3, 145-149. 
Leão, A., Cherian, B., Souza, S., Kozłowski, R., Thomas, S., and Kottaisamy, M. (2012). 
Natural fibres for geotextiles. Springer Nat. Fibre, 280-311. 
Leao, A. L., Rowell, R., and Tavares, N. (1998). Applications of natural fibers in 
automotive industry in Brazil - thermoforming process. In "Science and technology of 
polymers and advanced materials" (P. N. Prasad, J. E. Mark, S. H. Kandil and Z. H. 
Kafafi, eds.), pp. 755-761. Springer. 
Levitt, J. (1972). "Responses of plants to environmental stresses," Academic Press, New 
York, NY. 
Liu, A. (2000). World production and potential utilization of jute, kenaf and allied fibers. 
In "Proceeding of the 2000 International Kenaf Symposium. ", pp. 30-35, Hiroshima, 
Japan. 
Liu, A. (2004). International development of kenaf and allied fibers. In "International 
Kenaf Symposium (2003: Beijing, China)". CCG International. 
Mantineo, M., Patanè, C., Cosentino, S., and D’Agosta, G. (2008). The recovery of 15N-
labelled fertilizer applied to kenaf (Hibiscus cannabinus L.). Ital. J. Agron. 3, 537-538. 
Massey, J. H. (1974). Effects of nitrogen levels and row widths on kenaf. Agron. J. 66, 
822-823. 
Meryemoğlu, B., Hasanoğlu, A., Irmak, S., and Erbatur, O. (2014). Biofuel production by 
liquefaction of kenaf (Hibiscus cannabinus L.) biomass. Bioresource Technol. 151, 278-
283. 
41 
 
 
 
 
 
Mohanty, A., Misra, M., and Drzal, L. (2002). Sustainable bio-composites from 
renewable resources: opportunities and challenges in the green materials world. J. Polym 
Environ. 10, 19-26. 
Monti, A., and Alexopoulou, E. (2013). Kenaf: a multi-purpose crop for several industrial 
applications: new insights from the biokenaf project. Springer-Verlag, London. 
Mosley, J., and Baldwin, B. S. (1999). The effects of tillage treatment on the growth and 
development of kenaf. In "Proceedings of the 2nd Annual Conference of the American 
Kenaf Society", pp. 41-47. 
Mossello, A. A., Harun, J., Tahir, P. M., Resalati, H., Ibrahim, R., Shamsi, S. R. F., and 
Mohmamed, A. Z. (2010). A review of literatures related of using kenaf for pulp 
production (beating, fractionation, and recycled fiber). Mod. Appli. Sci. 4, 21. 
Mostofa, M., Islam, M., Alam, A. M., Ali, S. M., and Mollah, M. (2002). Genetic 
variability, heritability, and correlation studies in kenaf (Hibiscus cannabinus L.). J. Biol. 
Sci. 2, 422-424. 
Muchow, R., Ludlow, M., Fisher, M., and Myers, R. (1980). Stomatal behaviour of kenaf 
and sorghum in a semiarid tropical environment. I. During the night. Funct. Plant Biology 
7, 609-619. 
Muehl, J. H., Krzysik, A. M., Youngquist, J. A., Chow, P., and Bao, Z. (1999). 
Performance of hardboards made from kenaf. In "Kenaf Properties, Processing and 
Products", pp. 367-379. Mississippi State University, Madison, WI. 
Neto, C. P., Seca, A., Fradinho, D., Coimbra, M., Domingues, F., Evtuguin, D., Silvestre, 
A., and Cavaleiro, J. (1996). Chemical composition and structural features of the 
macromolecular components of Hibiscus cannabinus grown in Portugal. Ind. Crop. Prod. 
5, 189-196. 
Nielsen, D. C. (2004). Kenaf forage yield and quality under varying water availability. 
Agron. J. 96, 204-213. 
Nogueira, L., Seabra, J., Best, G., Leal, M., and Poppe, M. (2008). Sugarcane-based 
bioethanol: Energy for sustainable development. BNDES & CGEE. 
OECD IEA (2011). Key world energy statistics 2011. http://iea-gia.org/wp-
content/uploads/2012/08/key_world_energy_stats-2011-27Dec11.pdf, Paris, France. 
42 
 
 
 
 
 
OECD IEA (2015). World outlook energy 2015. 
https://www.iea.org/Textbase/npsum/WEO2015SUM.pdf. 
Ogbonnaya, C., Roy-Macauley, H., Nwalozie, M., and Annerose, D. (1997). Physical and 
histochemical properties of kenaf (Hibiscus cannabinus L.) grown under water deficit on 
a sandy soil. Ind. Crop. Prod. 7, 9-18. 
Pahl, G., and McKibben, P. (2008). "Biodiesel: Growing a new energy economy," 
Chelsea Green Publishing. 
Patanè, C., and Sortino, O. (2010). Seed yield in kenaf (Hibiscus cannabinus L.) as 
affected by sowing time in South Italy. Ind. Crop. Prod. 32, 381-388. 
Paturau, J. (1987). Alternative uses of sugarcane and its by-products in agroindustries.  
(FAO, ed.), http://www.fao.org/livestock/agaP/Frg/AHPP72/72-24.pdf. 
Patzek, T. W., and Croft, G. D. (2010). A global coal production forecast with multi-
Hubbert cycle analysis. Energ. 35, 3109-3122. 
Pearson, J. A., and Bonvicini, S. (1999). Commercial applications of kenaf in 
petrochemical industries: environmentally responsible solutions. In "Kenaf Properties, 
Processing, and Products" (T. Sellers and N. A. Reichert, eds.), pp. 435. Mississippi State 
University, Madison, WI. 
Pervaiz, M., and Sain, M. M. (2003). Carbon storage potential in natural fiber 
composites. Resour. Conserv. Recy. 39, 325-340. 
Pfeiffer, D. A. (2013). "Eating fossil fuels: oil, food and the coming crisis in agriculture," 
New Society Publishers. 
Phillips, W., Rao, S., Von Tungeln, D., and Fitch, G. (1996). Digestibility of freshly 
harvested, ensiled, and mature kenaf by sheep. Prof. Anim. Sci. 12, 99-104. 
Prakash, N. (2010). Benefits of gongura - kenaf & gongura recipes. 
http://niyasworld.blogspot.com/2010/04/benefits-of-gongura-gongura-recipes.html  
Ragauskas, A. J., Williams, C. K., Davison, B. H., Britovsek, G., Cairney, J., Eckert, C. 
A., Frederick, W. J., Hallett, J. P., Leak, D. J., and Liotta, C. L. (2006). The path forward 
for biofuels and biomaterials. Sci. 311, 484-489. 
43 
 
 
 
 
 
Ramaswamy, G. N. (1999). Processing kenaf bast fibers: Chemical retting. In "Kenaf 
Properties, Processing, and Products" (T. Sellers and N. A. Reichert, eds.), pp. 91-96. 
Mississippi State University, Madison, WI. 
Ramaswamy, G. N., and Boyd, C. R. (1999). End-Use Performance Testing of 
Kenaf/Cotton Textiles. In "Kenaf Properties, Processing, and Products" (T. Sellers and N. 
A. Reichert, eds.), pp. 213. Mississippi State University, Madison, WI. 
Rashdi, A. A. A., Sapuan, S. M., Ahmad, M., and Abdan, K. (2009). Review of kenaf 
fiber reinforced polymer composites. Polimery-W. 54, 777-780. 
Reddy, B., Ramesh, S., Reddy, P., Ashok Kumar, A., Sharma, K., Chetty, S. K., and 
Palaniswamy, A. (2006). Sweet sorghum: Food, feed, fodder and fuel crop. 
Reddy, B. V., Ramesh, S., Reddy, P. S., Ramaiah, B., Salimath, M., and Kachapur, R. 
(2005). Sweet sorghum - a potential alternate raw material for bio-ethanol and bio-
energy. In "International Sorghum and Millets Newsletter", Vol. 46, pp. 79-86. 
Riggi, E., Cosentino, S., and Mantineo, M. (2004). Gas exchange and stomatal behaviour 
in kenaf (Hibiscus cannabinus L.) as affected by artificial light intensity during night 
measurements. In "Proceedings of the 2nd World Biomass Conference", pp. 10-14. 
Romanoschi, O., Romanoschi, S., Collier, J. R., and Collier, B. (1999a). Value-added 
geotextile products made from kenaf. In "Kenaf Properties, Processing and Products" (T. 
Sellers and N. A. Reichert, eds.), pp. 245-255. Mississippi State University, Madison, 
WI. 
Romanoschi, S., Collier, B. J., Romanoschi, O., and Collier, J. R. (1999b). Bleaching and 
dyeing of kenaf fibers. In "Kenaf Properties, Processing and Products" (T. Sellers and N. 
A. Reichert, eds.), pp. 196-202. Mississippi State University, Madison, WI. 
Rymsza, T. A. (2000). Kenaf and the 21st century current developments and trends. 
Saad, M. J., and Kamal, I. (2012). Mechanical and physical properties of low density 
kenaf core particleboards bonded with different resins. J. Sci. Technol. 4. 
Saba, N., Jawaid, M., Hakeem, K., Paridah, M., Khalina, A., and Alothman, O. (2015a). 
Potential of bioenergy production from industrial kenaf (Hibiscus cannabinus L.) based 
on Malaysian perspective. Renew. Sust. Energ. Rev. 42, 446-459. 
44 
 
 
 
 
 
Saba, N., Paridah, M., and Jawaid, M. (2015b). Mechanical properties of kenaf fibre 
reinforced polymer composite: A review. Constr. Build. Mater. 76, 87-96. 
Saikia, C., Goswami, T., and Ali, F. (1997). Evaluation of pulp and paper making 
characteristics of certain fast growing plants. Wood Sci. Technol. 31, 467-475. 
Salih, F. (1978). Effects of population densities and row spacings on kenaf yields and its 
components in the Kenana area of the Sudan (Hibiscus cannabinus L.). Acta Agron. 
Hung. 
Sellers, T., and Reichert, N. A. (1999). "Kenaf properties, Processing, and Products," 
Mississippi State University, Madison, WI. 
Sij, J. W., and Turner, F. (1988). "Varietal evaluations and fertility requirements of kenaf 
in southeast Texas," Rep. No. 0099-5142, TX, USA. 
Sims, R. E., Hastings, A., Schlamadinger, B., Taylor, G., and Smith, P. (2006). Energy 
crops: current status and future prospects. Glob. Change Biol. 12, 2054-2076. 
Stricker, J. A., Prine, G., and Riddle, T. (2001). "Kenaf, a possible new crop for central 
florida," University of Florida Cooperative Extension Service, Institute of Food and 
Agriculture Sciences, EDIS, Gainesville, FL. 
Su, J., Dai, Z., Gong, Y., and Li, Y. (2004). Genetic diversity, evaluation and utilization 
of kenaf (Hibiscus cannabinus) germplasm in China. Plant Fiber. Prod. 26, 5-9. 
Suriyajantratong, W., Tucker, R., Sigafus, R., and Mitchell, G. (1973). Kenaf and rice 
straw for sheep. J. Anim. Sci. 37, 1251-1254. 
Toyota Motor Corporation (2011). Kenaf, a fibre for the future: the Harusmas experience. 
http://www.jeccomposites.com/news/composites-news/kenaf-fibre-future-harusmas-
experience. 
Toyota Motor Corporation (2012). Toyota Boshoku Develops New Automobile Interior 
Parts Utilizing Plant-based Kenaf Material. http://www.toyota-
boshoku.com/global/news/120209.html. 
U.S. Department of Energy (2011). "U.S. Billion-Ton Update: Biomass Supply for a 
Bioenergy and Bioproducts Industry." Oak Ridge National Laboratory, Oak Ridge, TN. 
45 
 
 
 
 
 
U.S. Department of Energy (2015). Fossil. http://energy.gov/science-innovation/energy-
sources/fossil. 
Van Dam, J. E. G. (2008). Environmental benefits of natural fibre production and use. In 
"Proceedings of the Symposium on Natural Fibres", Rome. 
Van Wyk, J. P. (2001). Biotechnology and the utilization of biowaste as a resource for 
bioproduct development. Trends Biotechnol. 19, 172-177. 
Villar, J., Revilla, E., Gómez, N., Carbajo, J., and Simón, J. (2009). Improving the use of 
kenaf for kraft pulping by using mixtures of bast and core fibers. Ind. Crop. Prod. 29, 
301-307. 
Webber, C. L. (1993a). Crude protein and yield components of six kenaf cultivars as 
affected by crop maturity. Ind. Crop. Prod. 2, 27-31. 
Webber, C. L. (1993b). Yield components of five kenaf cultivars. Agron. J. 85, 533-535. 
Webber, C. L. (1996). Response of kenaf to nitrogen fertilization. In "Progress in new 
crops", pp. 404-408. Wiley, New York, NY. 
Webber, C. L. (1997). Yield differences for kenaf cultivars. In "Proceeding International 
Kenaf Association Conference", Vol. 9, pp. 85-88. 
Webber, C. L. (1999). Effect of kenaf and soybean rotations on yield components. In 
"Perspectives on new crops and new uses", pp. 316-322. ASHS Press, Alexandria, VA. 
Webber, C. L., Bhardwaj, H. L., and Bledsoe, V. K. (2002a). Kenaf production: Fiber, 
feed, and seed. In "Trends in new crops and new uses", pp. 327-339. ASHS Press,, 
Alexandria, VA. 
Webber, C. L., and Bledsoe, V. K. (2002). Kenaf yield components and plant 
composition. Trends New Crop. Prod., 348-357. 
Webber, C. L., Bledsoe, V. K., Bledsoe, R. E., Janick, J., and Whipkey, A. (2002b). 
Kenaf harvesting and processing. Trends in new crops and new uses 9, 340-347. 
Webber, C. L., Ray, C. D., and Bledsoe, R. E. (1999). Productions properties of 
industrial-grade kenaf particleboard. In "Kenaf Properties, Processing, and Products" (T. 
Sellers and N. A. Reichert, eds.). Mississippi State University, Madison, WI. 
46 
 
 
 
 
 
Weyerhaeuser, H., Tennigkeit, T., Yufang, S., and Kahrl, F. (2007). "Biofuels in China: 
An analysis of the opportunities and challenges of jatropha curcas in Southwest China." 
World Agroforestry Centre. 
White, G., Adamson, W., and Higgins, J. (1971). Effect of population levels on growth 
factors in kenaf varieties. Agron. J. 63, 233-235. 
White, G. A., and Higgins, J. (1964). Growing kenaf for paper. In "2nd International 
Kenaf Conference", pp. 27-40. US Department of State, Agency for International 
Development. 
Williams, J. (1966). Influence of row spacing and nitrogen levels on dry matter yields of 
kenaf (Hibiscus cannabinus L.). Agron. J. 58, 166-168. 
Wilson, F., Summers, T., Joyner, J., Fisher, D., and Seale, C. (1965). ‘Everglades 41’and 
‘Everglades 71’, two new varieties of kenaf (Hibiscus cannabinus L.) for the fiber and 
seed. Fla. Agr. Exp. Cir., 168. 
Wilson, F. D., and Joyner, J. (1969). "Effects of age, plant spacing, and other variables on 
growth, yield, and fiber quality of kenaf, Hibiscus cannabinus L," US Dept. of 
Agriculture. 
Xu, J., Li, A., Wang, X., Qi, J., Zhang, L., Zhang, G., Su, J., and Tao, A. (2013). Genetic 
diversity and phylogenetic relationship of kenaf (Hibiscus cannabinus L.) accessions 
evaluated by SRAP and ISSR. Biochem. Syst. Ecol. 49, 94-100. 
Young, R. A., Bustamante, P., Ramos, J., Zuñiga, V., Sabharwal, H., and Akhtar, M. 
(1999). "Biomechanical pulping of kenaf and other agro-based materials," Mississippi 
State University Press, Mississippi State, MS. 
Yu, H., and Yu, C. (2010). Influence of various retting methods on properties of kenaf 
fiber. J. Textile Instit. 101, 452-456. 
Zampaloni, M., Pourboghrat, F., Yankovich, S., Rodgers, B., Moore, J., Drzal, L., 
Mohanty, A., and Misra, M. (2007). Kenaf natural fiber reinforced polypropylene 
composites: A discussion on manufacturing problems and solutions. Compos. Part A-
Appl. S. 38, 1569-1580. 
Zaveri, M. D. (2004). Absorbency characteristics of kenaf core particles, North Carolina 
State University, Raleigh, NC. 
47 
 
 
 
 
 
Zhang, F., and Noe, J. (1996). Damage potential and reproduction of Meloidogyne 
incognita race 3 and M. arenaria race 1 on kenaf. J. Nematol. 28, 668. 
Zhang, T. (2003). Improvement of kenaf yarn for apparel applications, Louisiana State 
University  
Zhang, Y., and Wang, C. (2004). "The status of kenaf biopulping in China and its 
development strategy," CCG International. 
Zhou, Z., Yin, X., Wu, C., and Ma, L. (2009). Research on the gasification characteristics 
of the industrial residues of kenaf. In "Proceedings of ISES World Congress 2007", Vol. 
1 - 4, pp. 2397-2399. Springer. 
 
 
 
48 
 
 
 
 
 
CHAPTER II 
VARIETY TRIAL AND PYROLYSIS POTENTIAL OF KENAF GROWN IN 
MIDWEST UNITED STATES 
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Marie Bourguignon1*, Kenneth J. Moore1, Robert C. Brown2, Kwang Ho Kim2, Brian S. 
Baldwin3, Roger Hintz1 
 
Abstract 
 
Kenaf (Hibiscus cannabinus L.) has potential as an annual herbaceous biomass 
feedstock. It is not typically grown in the American Midwest, however, kenaf may be 
attractive as an alternative crop for Iowa and the Corn Belt. In this study, seven kenaf 
varieties were grown in Iowa and evaluated for their productivity.  More specifically, our 
research questions were: 1) how do kenaf varieties perform in Iowa for yield?, 2) how 
does fiber morphology and quality differ among varieties and among core and bast fiber?, 
and 3) what potential does kenaf (bast and core) have for producing fuel using fast 
pyrolysis? Tainung 2, one of the varieties, reached the best yield in Central Iowa over 
multiple years. Bast kenaf contained 8% more cellulose and 23% less hemicellulose than 
the core but it varied among varieties. Also, regardless of variety, core was composed of 
40% more lignin than bast. Core was found to have higher potential for fast pyrolysis 
than the bast but its potential was variety-dependent. Overall, kenaf could be grown to 
diversify Iowa agriculture and provide alternative feedstock to the biofuel industry. 
1 Dept. of Agronomy, Iowa State University, Agronomy Hall, Ames, IA 50011, USA 
2 Bioeconomy Institute, Iowa State University, BRL Building, Ames, IA 50011, USA 
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Introduction 
 
With the world population reaching nine billion by 2050, concerns have raised, 
not only with regards to food, but also to energy supply while protecting the environment. 
There has been a recent trend in increasing bioenergy production, a biorenewable 
resource, rather than petroleum for energy and fuel purposes. In 2009, 50% of the 
American renewable energy was produced from biomass (Boundy et al., 2010). 
Currently, agriculture energy crops and residues represent the most promising biomass 
source to enhance bioenergy production, because it is the most abundant (Cherubini and 
Strømman, 2011).  
Terrestrial energy crops, a category of biomass, include: oil (sunflower, rapeseed), 
sugar (sugarcane, sugarbeet), starch (corn, wheat), leguminous and grasses. 
Lignocellulose-rich plants (woody like eucalyptus and poplar, and herbaceous such as 
switchgrass and sorghum) that can be harvested on an annual basis or on a five to seven 
year basis (Brown and Brown, 2014), are also attractive resources for bioenergy due to 
the potential of converting lignocellulose into biofuel. The properties that makes such a 
crop particularly promising for the bioenergy industry include the high biomass yield, 
large heating value, lignin, cellulose, and hemicellulose composition, low ash content and 
composition (Brown and Brown, 2014; Mohan et al., 2006). Biomass composition can 
affect the bio-oil quality and can reduce the heating value (Jenkins et al., 1998). Ash and 
inorganic elements, especially alkali and alkaline earth metals (AAEMs) can cause issues 
during the pyrolysis process, such as slagging, corrosion, or fouling described in Misra et 
al. (1993) . One of the promising candidates used as a lignocellulosic feedstock for 
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pyrolysis is kenaf (Hibiscus cannabinus L.), an annual herbaceous dicot commonly 
grown as a fiber crop. Originally considered as a third world crop, kenaf has been raising 
more interest among scientists, because it could be used for multiple purposes, such as 
bio-based product and biofuel, internationally as well as in the U.S.  
Kenaf is an efficient lignocellulosic crop that can reach a height of 4 to 6 m and 
can yield up to 24 Mg ha-1 in 5 to 7 months with low input (Brown and Brown, 2014). 
The attractiveness of kenaf for industry lays in its stem. Kenaf is composed of an inner 
porous core (60-65%), containing short fibers (0.6 mm-length and 33 μm-width on 
average; Monti and Alexopoulou, 2013), and of an outer bast (35-45% of kenaf stem), 
composed of long and valuable fibers for industry (2.5 mm-length and 17 μm-width in 
average; Sellers and Reichert, 1999). Due to the fiber properties of kenaf, the bast can be 
used in paper, textile, and cordage industries (Bel-Berger et al., 1999) whereas the core, 
that has absorbent and insulant characteristics, is more attractive to industry for use in 
absorbent wipes, hygienic products (Zaveri, 2004), and bedding for livestock and poultry 
(K.E.F.I., 2011). Particleboards, hardboards, or medium-density fiberboards, using the 
whole-stalk or separated bast and core, are other bio-based applications for kenaf 
(Bowyer et al., 2007).  
The two major pathways to advanced biofuels are biochemical and 
thermochemical conversion of biomass. The latter includes fast pyrolysis, which is the 
rapid thermal decomposition of organic compounds in the absence of oxygen to produce 
liquid, gas, and char (Brown and Brown, 2014). Fast pyrolysis has a high potential to 
produce hydrocarbon fuels (green gasoline and diesel) at relatively attractive costs 
(Brown and Brown, 2013). Kenaf characteristics for biomass purposes are not very well-
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known. For instance, liquefaction (Meryemoğlu et al., 2014) and gasification (Zhou et al., 
2009) are the only studies on thermochemical degradation of this crop, and kenaf 
potential for fast pyrolysis has rarely been investigated. However, considering the 
potential of fast pyrolysis and the properties of promising feedstock crops, kenaf could 
represent an attractive candidate. In general, the kenaf core has been found to contain 
more hemicellulose and lignin than the bast, but is composed of less cellulose and ash 
(Clark et al., 1971). However, those results appear to depend on variety (Wood et al., 
1983). The potential of kenaf as a feedstock could depend on its fiber composition and 
thus, the variety chosen to be grown. There is very little known about kenaf ash quantity 
and composition, especially in its bast and core. 
Mostly grown in India and China, kenaf could be grown in temperate areas where 
corn is adapted, such as the Midwest and Iowa. However, very few studies have 
investigated kenaf productivity in the Corn Belt or which variety is appropriate for this 
region.  
To address the knowledge gaps, a comparison of seven kenaf varieties was conducted in 
Iowa to assess the productivity of the crop and the potential of fast pyrolysis as a method 
to recover value added products. More specifically, the objectives of this experiment 
were: 1) to investigate kenaf varieties’ performance in Iowa with regards to yield 
potential; 2) to highlight differences in fiber morphology and quality among varieties and 
among core and bast; and 3) to study the potential of kenaf (bast and core) for producing 
fuel using fast pyrolysis. This study investigates through consistent and accurate 
experiments the potential for using kenaf as a multi-purpose and alternative crop in Iowa. 
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Material and Methods 
 
Growing kenaf in Iowa: yield and plant density 
The experiment compared seven kenaf varieties and evaluated them for yield and 
plant density in 2004, 2005, 2006, and 2007, at the Iowa State University Agronomy and 
Agricultural Engineering Research Farm (42° 01’ N, 93° 46’ W) on a Nicollet loam soil 
(fine-loamy, mixed, mesic Aquic Hapludoll). Average temperature and cumulative 
monthly precipitation of the four-year trial were recorded using the weather station 
[A130209] Ames, located at the Agricultural Research Farm of Iowa State University 
(Figure 2.1; ISU Ag Climate, 2014). The weather specific to 2004 to 2007 had a slightly 
different profile of temperature and cumulative precipitation than the thirty-year long-
term conditions at the experiment site.  
The varieties were ‘Tainung 2’, ‘Everglades 41’, ‘Everglades 71’, ‘Dowling’, 
‘Gregg’, ‘SF459’, and ‘Whitten’. Tainung 2 was originally from Taiwan, and Everglades 
41 and Everglades 71 were selected because they are commonly grown and investigated 
(Alexopoulou et al., 2000; Archontoulis et al., 2011; Webber, 1993). The other varieties 
are also commercially used and were selected to include a large diversity of options when 
grown in Iowa. All the variety seeds came from Mississippi State University. The variety 
Whitten was a new variety that Mississippi State University developed (Baldwin et al., 
2006) and was considered as “experimental” in our study. 
The experiment was a randomized complete block design with four replications. 
Each plot was 3 by 7.6 m in 2004, 2005, 2006, and 3 by 6 m in 2007. Kenaf seeds were 
planted on May 11th 2004 (10 cm soil temperature reached 17°C), May 20th 2005 (soil 
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temperature 16°C), June 5th 2006 (soil temperature 23°C), and May 16th 2007 (soil 
temperature 20°C) at a seedling rate of 278,000 pure live seeds per hectare into rows 
spaced 38 cm apart at a depth of 2.5 cm. All the plots received 168 kg ha-1 of nitrogen in 
the form of urea that was incorporated prior to planting and weed pressure was controlled 
with Prowl H2O Herbicide. Two 3-meter rows were harvested by hand in each plot, 
respectively on November 9th 2004, December 12th 2005, November 20th 2006, and 
November 19th 2007, after the first killing frost (-2°C). The rows were located in the 
middle of each plot to avoid any edge effect. Wet weight and plant density were 
determined on those two rows during each harvest (n=112).  
 
Morphology, fiber, and ash analyses 
Prior to final harvests of 2004 and 2005, stem height, basal diameter, and 
leaf:stem ratio were measured on 10 individuals in each plot. Stem height was measured 
from ground-level to apex with a measuring tape glued to a pole and stem diameter was 
determined with a caliper at ground-level. Height and diameter were measured on each of 
these 10 individuals and then averaged to obtain one height value and one diameter value 
per plot (n=56). Then, the 10 plants were combined into one sample in order to get a 
representation for the entire plot. Leaves and stems of were separated, weighed, and dried 
at 60°C to be able to calculate leaf:stem ratio.  
At harvest and only in 2004 and 2005, a sample of three individuals was collected 
and combined into one sample to represent the plot. The stems were divided into bast and 
core, weighed, dried at 60°C until the moisture content was constant, and ground at 2 mm 
using a Wiley-Mill. Later, bast and core were separately subjected to the same chemical 
54 
 
 
 
 
 
analysis: dry matter and sequential fiber protocol (n=112). To determine dry matter 
percentage, 1 g of ground material was dried at 60°C overnight and weighed again in a 
dry environment. 
The sequential fiber analysis included the concentration of neutral detergent fiber 
(NDF), acid detergent fiber (ADF), acid detergent lignin final (ADL), and insoluble ash 
using a modified ANKOM procedure (Vogel et al., 1999). A single 0.50 g 1 mm-ground 
dry sample was used for the complete sequential fiber analysis. The core material had a 
very low density and 1 g 1 mm-ground dry samples would have been too voluminous for 
the test. The biomass sample was sealed in a filter bag (F57, Ankom Technology). The 
bag was subjected to a digestion by alpha-amylase in a neutral detergent solution 
containing sodium sulfite, followed by a series of rinses in tap water, deionized water (DI 
water) and acetone. The bag was then dried and weighed to obtain the NDF content of the 
sample, and the result was used to calculate the concentration on a DM basis.  
The residue remaining after neutral detergent extraction was refluxed in an acid 
detergent solution to which sodium sulfite was added. The residue remaining after drying 
was used to calculate the ADF concentration. The acid detergent residue was hydrolyzed 
with 72% sulfuric acid for 3 hours to remove cellulose, which was followed by rinses, 
drying and weighing of the ADL concentration. These three steps allowed to give an 
estimation of hemicellulose, cellulose, and acid detergent lignin concentration. The 
remaining part was the insoluble ash that was determined by weighing the biomass after 
being combusted at 525°C in a muffle furnace until carbon free.  
Total ash was determined on samples collected in 2004 and 2005 by placing 1 g 
of material at 525°C in a muffle furnace overnight and weighing the burnt biomass in the 
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morning. Tainung 2, Whitten, Dowling, Everglade 41, and Gregg were selected, 
considering their yield over the four years of study (n=80). The mineral and metal 
composition was determined by Inductively Coupled Plasma-Optical Emission 
Spectrometry analysis (ICP-OES), described by Olesik (1991) . For this digestion, 0.50 g 
1 mm-ground dry samples from the five previous kenaf varieties grown in 2005 and from 
2 blocks were considered, because of limiting time allowed to perform this protocol 
(n=20). The samples were mixed with 10 mL nitric acid (99%) and digested for one hour 
in an Anton Paar Multiwave Pro. The solution produced was collected and diluted with 
90 mL of DI water. Then, 5 mL of the previous mixture was filtered and diluted again 
with 5 mL of DI water. The samples, solutions of kenaf biomass and nitric acid (5% 
concentration), were finally analyzed in a PerkinElmer Optima 8000 for Al, Ca, Fe, K, 
Mg, Mn, Na, P, and S. The results were rescaled to the initial exact weight and presented 
in g kg-1 on a dry matter (DM) basis. 
 
Fast pyrolysis of kenaf 
Samples for Tainung 2, Whitten, Dowling, Everglade 41, and Gregg grown in 
2004 and 2005 were selected for fast pyrolysis tests. A subsample was ground to and 
sieved to a constant particle size (800 μm). For pyrolysis test, approximately 0.5 mg of 
each sample was placed in deactivated stainless steel sample cups and placed into a 
micro-furnace pyrolyzer (PY-2020iS, Frontier Laboratories, Japan) supporting an auto-
shot sampler (AS-1020E, Frontier Laboratories, Japan). The samples were dropped in the 
furnace to be pyrolyzed for 30 sec at 500°C and at atmospheric pressure. Helium gas was 
used at 1 mL min-1 to carry pyrolysis vapor to the gas chromatography (GC) column. 
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Identification and quantification of representative volatile products from the pyrolysis of 
kenaf were performed using a Varian CP-3800 GC equipped with Saturn 2200 mass 
spectrometry (MS) and flame ionization detector (FID). The GC column (30 m × 30 mm 
× 0.25 μm, Ultra Alloy-5, Frontier Laboratories, Japan) separated the different pyrolysis 
products. Injection temperature was 275°C with the oven programed to hold at 35°C for 3 
min, ramped to 280°C at 3°C min-1 and then held for an additional 4 min. Quantitative 
analysis was performed on the basis of peak area using a calibration curve for each 
authentic compound developed from standard samples. Duplicates of each sample were 
pyrolyzed and results were averaged over the two replications. 
 
Statistical analysis  
An analysis of variance was used on the data to assess the variety effects on yield, 
plant density, fiber analysis, and total ash. Year and blocks were considered as random, 
with block nested in year, and variety was fixed. In the analysis of the results, we 
performed an analysis of covariance (ANCOVA) between yield and plant density. The 
covariate relationship between yield and plant density was only significant in 2004. The 
other years of the study were consequently analyzed with yield and plant density 
considered as independent variables.  
The year variable of the statistical analysis performed on yield and plant density 
comprised 2004, 2005, 2006, and 2007 and the 7 varieties were included. The statistical 
analysis conducted on fiber, ash concentration, and pyrolysis products was performed the 
same way as for yield and plant density, but only 5 varieties (Tainung 2, Whitten, 
Dowling, Everglade 41, and Gregg) and 2 years (2004, 2005) were considered. Indeed, 
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no material was sampled in 2006 and 2007. This time, the fiber category (bast, core) was 
added to the model as a fixed effect (“Tissue”). The mineral and metal composition of 
kenaf was analyzed similarly but only results from 2005 were used. An alpha level of 5 
% was used in all analyses to assess significance of treatment effects. A LSD test was 
performed to evaluate differences between treatment means. These statistical analyses 
were crucial to determine differences of productivity and morphology between varieties 
but also between bast and core. Finally, correlations were conducted on stem yield, plant 
density, air temperature, cumulative precipitation, fibers, ash, pyrolysis products, and 
mineral and metal concentrations. The results of ANOVA (degrees of freedom, F-value, 
P-value) and the correlation coefficients are presented on Tables 2.1, 2.2, 2.3, 2.4, 2.5, 
and Appendix A. 
 
Results 
 
Kenaf yield and plant density 
The year × variety interaction for 2004 to 2007 was not significant for yield nor 
for plant density (Table 2.1). Only the year and/or variety considered as main effects 
were found to be significant. The crop yield and plant density were higher in 2005 with 
11.25 ± 0.34 Mg ha-1 and 162,996 ± 6,731 plants ha-1, respectively. Correlations 
performed between yield, plant density, temperature, and precipitation showed no 
relationship between measured parameters and temperature, but relatively high 
correlations between yield, plant density, and precipitation were observed (r= 0.56 and 
0.42, respectively; data not shown).  
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Tainung 2 had greater yield potential than Everglades 71, Gregg, SF 459, and 
Whitten (Figure 2.2-A), but overall the variety was not significant. The effects on plant 
density were not similar to the yield trends. The significant difference between varieties 
was stronger than for the yield (P-value = 0.0026; Table 2.1; Figure 2.2-B). In particular, 
Tainung 2, Gregg, and Everglades 41 had approximately 40000 more plants per hectare 
than Everglades 71, SF459 and Whitten.  
 
Morphology, quality and quantity of fibers, and ash 
With respect to leaf:stem ratio and stem diameter, plants grown and harvested in 
2004 had 10% more leaves and were 16% thicker than in 2005 (Table 2.1). Even though 
the stem diameter was higher in 2004 than 2005, the core:bast ratio was 9% lower, which 
means that there was more bast in the thick stems in 2004 than in 2005. The core and bast 
ratio was not only different among years, but was also influenced by variety, as shown in 
Figure 2.3. Stem height was similarly affected and also presented in Figure 2.3. Both 
stem height and core:bast ratio were the only morphological variables to be variety-
dependent over the two years of experiment and were both higher for Tainung 2 and 
Whitten than for the other varieties. Interestingly, even though Dowling, Everglades 41, 
Everglades 71, Gregg and SF459 had the same height (approximately 225 cm; Figure 
2.3-A), their bast and core portions were different (Figure 2.3-B). Gregg and SF459 had 
lower core:bast ratio than the others and Dowling’s ratio was higher than the two 
Everglades variety.  
With respect to lignocellulose concentration, cellulose and hemicellulose 
concentration within the bast was influenced by year of growth (Table 2.2, Figure 2.4-A). 
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In 2004, we observed a higher hemicellulose concentration in the bast than in 2005, but 
there was less cellulose than in 2005. In the core however, only hemicellulose was 
affected by the year and samples harvested in 2005 was composed of slightly more 
hemicellulose than in 2004. On average over varieties and years of the study, we found 
that bast contained 9% more cellulose, 23% less hemicellulose and 41% less acid 
detergent lignin than core (Figure 2.4-B). 
The varietal selection resulted in little effect on the proportion of lignocellulose, 
except for the core cellulose that was slightly higher for Gregg, SF459 and Whitten than 
Dowling, Everglades 71, and Tainung 2 (Figure 2.4-B). This result was in contrast to 
Everglades 71, SF459, and Whitten, which had higher bast hemicellulose concentration 
than Everglades 41.  
Contrary to the sequential fiber results, the total ash concentration was strongly 
impacted by the fiber category (bast, core), the year of growth (2004, 2005), but not by 
the variety (Table 2.2). Samples collected in 2004 contained more total ash than in 2005. 
On average, bast contained 60% more total ash than the core, but bast insoluble ash 
concentration was higher than in the core. To investigate on the relation between ash 
presence and fiber concentration, correlations between total ash and lignocellulose 
concentration were performed. Our results showed that the presence of ash in the whole 
stem was strongly and negatively correlated to lignin and hemicellulose concentration (r 
= -0.74 and -0.81, respectively; Table 2.3). Cellulose displayed a significant positive 
correlation with total ash (r = 0.52). The correlations differed when the analysis was 
focused on bast or core only and the relation between cellulose and total ash was stronger 
in the bast (r = -0.67). 
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When kenaf mineral and metal composition were investigated, it was found that 
Ca, Fe, Mg, P, S, and K were all significantly influenced by either the fiber category or 
the variety (Table 2.4). Aluminum, Mn, and Na were not significantly different across the 
tissue types or the varieties. Calcium, Fe, Mg, and S concentrations were always greater 
in the bast than in the core and Ca, Mg, S, and K were statistically influenced by the 
varietal selection (Figure 2.5). Gregg contained more Ca, Mg, and S than Dowling, 
Tainung 2, and Whitten, but Whitten contained more K than Everglades 41 and Tainung 
2.  
 
Products of fast pyrolysis of kenaf  
Carbohydrate-derived and lignin-derived compounds were quantified using fast 
pyrolysis on kenaf in order to obtain a relatively diverse knowledge of products that 
kenaf can be used for. Carbohydrate-derived compounds were acetic acid, furfural, 
hydroxyacetone, methylcyclopentelonone, 5-HMF, and levoglucosan. The lignin-derived 
compounds were 4-ethylphenol, 4-vinylphenol, 2-methoxy-4-vinylphenol, 2,6-
dimethoxyphenol, vanillin, 4-hydroxy-3-methoxyacetophenone, and 2,6-dimethoxy-4-(1-
propenyl)phenol. Three pyrolysis products were dependent on the three-way interaction 
between year, fiber category, and varieties (Appendix A; Figure 2.6). For instance, 
levoglucosan (1,6-anhydro-β-D-glucopyranose), a dehydrated glucose directly 
depolymerized from cellulose pyrolysis, reached a greater yield in the bast for Dowling 
and Whitten than in the core, but the variability between bast, core, and varieties was 
even more dramatic in 2005 than in 2004 (Figure 2.6-A). Between 2004 and 2005, there 
was an increase of levoglucosan in the bast portion of Everglades 41 of 47%. The 
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cellulose concentration in the bast was also higher in 2005 than in 2004 (Figure 2.4-A) 
and the total ash amount was lower in 2005 than in 2004 (Table 2.2).  
The production of 4-ethylphenol (lignin-derived compound) in the bast was 
greater in 2004 than in 2005 in the core (Figure 2.6-B). However, this trend was not 
observed for Dowling and Everglades 41. For most of the kenaf varieties, 2,6-
dimethyoxyphenol reached on average higher yields in 2005 than in 2004, and these were 
mainly observed in the core (Figure 2.6-C). For example, the core from Dowling kenaf 
contained 43% more 2,6-dimethyoxyphenol in 2005 than in 2004, while for Everglades 
41 the trend between 2004 and 2005 was just the opposite. Besides the three-way 
interaction, some products presented significant two-ways interactions (Figure 2.7).  
Regardless to the varietal selection, furfural yields were higher in the core than in 
the bast, but only in 2005 (Figure 2.7-A). Furfural also showed differences in yield 
among years and varieties (Figure 2.7-B). Whitten produced more furfural than the other 
varieties in 2004 but not in 2005. However, in 2005, Everglades 41 produced the highest 
furfural yield. For this variety too, 2005 was a productive year with respect of 2-
methoxy-4-methylphenol (Figure 2.7-C).  
Overall, when averaged over years and varieties, all pyrolysis products were 
influenced by the fiber category, except 3-methoxy-4-methylphenol, phenol, and 5-HMF 
(Table 2.5; Appendix A). When looking at the yield of products from the pyrolysis of the 
whole kenaf stem, the highest yielding products were acetic acid, levoglucosan 
(originated from carbohydrates), and hydroxyacetone (Table 2.5). Interestingly, 
levoglucosan and hydroxyacetone yield were found to be negatively correlated, but only 
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for the core (r = -0.68; Figure 2.8). In the core, levoglucosan tended to decrease as 
hydroxyacetone increased.  
Other correlations were conducted to study the relationship between ash presence, 
especially K, and pyrolysis products (Table 2.3). Levoglucosan was slightly correlated 
with ash presence in the whole stem (r = -0.28) but the relation was stronger for either 
bast or core (r = -0.59 for both tissues). Potassium presence, however, was not strongly 
correlated to cellulose concentration or levoglucosan yield, neither in the whole stem, nor 
bast, nor core (Table 2.3). 
 
Discussion 
 
Kenaf varieties that lead to optimal yield and plant density in Iowa 
Kenaf can be used for many purposes, but has never been grown in the American 
Midwest. In the U.S., less than 10 kenaf cultivars are commercially used whereas 240 
have been developed (Alexopoulou et al., 2015). Over the seven varieties tested in this 
study, Tainung 2, Dowling and Everglades 41 were the most productive. When grown in 
Lane, OK, Tainung 2 was shown to have improved yield potential (14 Mg ha-1, Webber, 
1993) over other varieties like Everglades 71, Everglades 41, Cuba 108 and Guatemala 
51. Similarly, Tainung 2 was found to reach a yield of 24 Mg ha-1 that was also higher 
than Everglades 41 and 71 in field trials in Greece (Alexopoulou et al., 2000). In this 
study, when grown in Boone, IA, the yield of Tainung 2 was lower than was found in the 
literature (11 Mg ha-1), even though the planting density was the same.  
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Everglades 41, however, performed as well as Tainung 2 under Iowa conditions 
and, in a previous study, Everglades 41 was found to be more stable across environments 
and seasons compared to Tainung 2 (Liu and Labuschagne, 2009). Lastly, Dowling 
reached a yield of 10 Mg ha-1 under the best North Dakota conditions (Berti et al., 2013) 
and this was consistent with our study. Surprisingly, Whitten, which had a similar yield 
as Tainung 2 when grown in Mississippi (16 Mg ha-1; Baldwin et al., 2006), yielded less 
than Tainung 2 in our study. With respect to plant density, Everglades 71 and SF459 
resulted in a lower number of plants than for Gregg and Dowling but, ultimately, their 
yield was similar; this cannot be caused by the difference of basal diameter among 
varieties, because our results showed that there was no significant difference of diameter 
between varieties (Table 2.1). Overall, our results confirmed our hypothesis stating that 
certain varieties can be well established in Iowa but not all varieties would perform the 
same.  
A close relationship was observed between yield, plant density, and 
environmental conditions, especially precipitation (r = 0.56 for stem yield and 0.42 for 
plant density). The mild summer and wet May observed in 2004 may have resulted in a 
poor emergence rate for that year. The summer 2005 was wetter than the long-term 
average conditions and led to the best kenaf productivity. Also, 2006 was very dry in 
May and June, reducing the overall vegetative growth without decreasing drastically the 
plant density. From the differences between temperature and precipitation over the three 
years of study, we can observe the variability of kenaf yield and plant density. In 
summary, the variety selection is important when growing kenaf in Iowa, and potentially 
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in the whole Corn Belt, but the biomass yield will not be the same each year for a same 
variety. 
 
Kenaf varieties that lead to optimal fiber morphology and quality in Iowa 
Biomass production and plant size are important traits for kenaf as an energy 
crop, in addition to the proportion and composition of the bast and core in the plant. The 
goal is to produce the maximum biomass with the minimum space. In the case of kenaf, 
the proportion of bast and core relates directly to the purpose for which kenaf is grown. 
We hypothesized in this study that kenaf varieties would have different morphology 
(height, diameter) and a different bast and core ratio. Our research was consistent with 
our expectations, because Tainung 2 was the tallest cultivar of all, already reported in a 
study where Tainung 2 height reached 299 cm, which was significantly taller when 
compared to other cultivars (Webber, 1993). In our study, stem diameter was the same 
across the varieties, but the plants were thicker in 2004 than in 2005. What is surprising is 
that, normally, longer growing seasons promote taller and thicker plants, but in this study, 
the thickest plants experienced a shorter growing season. In particular, kenaf had 182 
days to grow in 2004 (May 11th to November 9th), whereas kenaf had 206 days to grow in 
2005 (May 20th to December 12th). In other words, the climate conditions must have 
allowed the plants to be thicker, but with a similar height in 2004 than in 2005.  
Kenaf diameter typically ranges between 25 and 50 mm (Brown and Brown, 
2014), which is higher than what we have found in our study, under Iowa conditions. 
When compared with the only work conducted in North Dakota, where the height and 
maximum diameter of Dowling were 180 cm and 26.4 mm respectively (Berti et al., 
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2013), the height for all varieties of our study were taller than what they observed, but not 
as thick. In general, growing kenaf in Iowa with the management practices used in this 
study led to thinner plants than what is found in the literature, but kenaf height was often 
similar to previous research, and even better than those reported in North Dakota. The 
overall kenaf yield in Iowa may not be as high as in warmer climates, but the kenaf 
sensitivity to Meloidogyne incognita, M. javanica, or M. arenaria root-knot nematodes 
could be lower under the Midwest cold climates (Webber, 1999; Webber et al., 2002). 
Our research did not focus on the disease and pest aspect of kenaf growth, but it would be 
interesting to investigate kenaf sensitivity to nematodes under colder climates. 
Furthermore, in a review of energy crops in rotation, kenaf was found to be resistant to 
drought, contribute to weed control, and to Tylenchorhynchus soybean stunt nematode 
control (Zegada-Lizarazu and Monti, 2011), which are additional reasons to grow kenaf 
as an alternative crop in Iowa. 
Typically in a kenaf stalk, the proportion of core to bast is 1.5 to 2 (Wood et al., 
1983) and, in our study, the ratio was also in this range, but was strongly dependent of the 
variety: Tainung 2 and Whitten presented the highest core:bast ratio (1.9). These results 
confirm what has been found in previous work, where Tainung 2 was shown to produce 
the greatest core percentage under better growing conditions (69% or 2.2 for the ratio; 
Webber, 1993) and where Whitten core:bast ratio was also found to be 1.9 (Baldwin et 
al., 2006). In a broader picture, if kenaf is to be used for core production for biofuels, 
Tainung 2 and Whitten would be the ideal varieties for the Midwest. 
Not only did kenaf contain more core in Clark et al. (1971), but the core was also 
richer in hemicellulose and acid detergent lignin, whereas the bast was richer in cellulose 
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and ash; these findings are supported by our results. In the previous literature, kenaf 
appeared to contain 45-57% cellulose, 21.5% hemicellulose and 8-13% lignin on a dry 
weight basis (Akil et al., 2011). 
Our results confirmed this range of concentrations, but also demonstrate that 
hemicellulose in the bast and cellulose in the core varied across variety and were high for 
SF459 and Whitten. When compared to other fiber plants, kenaf contains more cellulose 
than other herbaceous energy crops (Brown and Brown, 2014; Kuzhiyil et al., 2012). For 
instance, switchgrass and corn stover generally contain 34 to 46% and 33 to 41% 
cellulose, respectively (Hu et al., 2010; Zhu et al., 2007). Those same species include 18 
to 23% Klason lignin, whereas kenaf was found to be composed of 5% (bast) to 15% of 
acid detergent lignin (core). Because acid detergent lignin can underestimate lignin 
concentration (Moore and Hatfield, 1994), we can only approximate the Klason lignin, 
based on results presented by Goff et al. (2012). Since kenaf is closer in nature to the 
woody materials that Goff et al. (2012) used than warm or cool-season grasses, the 
Klason lignin concentration is approximately double the acid detergent lignin with 
sodium sulfite. Therefore, if kenaf contains 5 to 15% acid detergent lignin (with use of 
sodium sulfite), we can assume that its Klason lignin would be 10 to 30%, which is 
comparable to switchgrass and corn. The dominance of kenaf with regards to cellulose 
content provides evidence that kenaf could be an attractive feedstock for ethanol 
production.  
One important factor to consider for biofuel production is ash concentration, 
because high ash concentration results in slagging, fouling, and clogging during the 
pyrolysis process. In our study, we observed differences of total ash and insoluble ash 
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concentration among stem tissues (51.25 ± 1.38 and 0.017 ± 0.001g kg-1 DM for the bast; 
20.89 ± 1.07 and 0.025 ± 0.001 g kg-1 DM for the core, respectively) in five varieties 
grown in 2004 and 2005. Even though kenaf varieties differed in lignocellulose 
composition, the ash concentration was similar across cultivars used in this study. The 
bast contained more total ash than the core, and this comparison proves that we should 
expect more issues at the biofuel production level when the bast is pyrolyzed than when 
the core is pyrolyzed. It has previously been highlighted that kenaf was composed of less 
than 1% of insoluble ash, and that total ash concentration in agricultural residues and 
grasses typically ranged between 4 and 14% (Berti et al., 2013) and wood species 
between 0.43 to 1.82% (aspen, yellow poplar, white oak; Misra et al., 1993). Our findings 
confirm these results and fill up a large gap in our knowledge about kenaf ash content. 
As mentioned before, the presence of ash is often an issue during thermochemical 
conversion of biomass. The metals in biomass strongly influence thermal 
depolymerization, resulting in low molecular weight products such as acetic acid or 
hydroxyacetone, instead of producing levoglucosan. It is believed than the heating value 
of biomass decreases by 0.2 MJ kg-1 when ash concentration increases by 1% (Cassida et 
al., 2005). The presence of K, Ca, and Si lowers melting point of ash and promotes ash 
fouling during its processing at elevated temperatures (Baxter et al., 1998). It has also 
been stated before that biomass of low alkali content has fewer problems than alkali-rich 
biomass, when comparing two kinds of biomass with the same ash content (Monti et al., 
2008). First, our results showed strong correlations between lignocellulose concentrations 
and total ash (Table 2.3). Cellulose was actually more correlated to ash presence in the 
bast than in the core. Second, among the mineral and metal elements measured in our 
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study, Ca, Fe, Mg, and S were higher in the bast than in the core while concentrations of 
Ca, Mg, S and K were variety dependent (Table 2.4). For certain varieties, the high 
presence of Mg in the bast could lower the melting point (Baxter et al., 1998). Most 
notable in our experiment was that Ca and K concentrations were different across 
varieties. Everglades 41 had high amounts of Ca, but a low K concentration. This variety 
could be one of the best varieties for energy-end use. In general, kenaf has less K than 
switchgrass and cornstover but more than red oak but much more Ca than those 
feedstocks (Kuzhiyil et al., 2012). 
Low concentrations of S are also attractive because S can poison (or deactivate) 
catalysts in upgrading pyrolysis liquids to biofuels. The lowest amount of S was observed 
for Dowling, Everglades 41, and Tainung 2, making them most attractive as pyrolysis 
feedstock. Our study quantified with great accuracy the biomass composition of 
lignocellulose and ash, directly linking to the use of kenaf as a feedstock resource. 
Considering the productivity of kenaf and large differences in composition of bast and 
core, kenaf stems can truly be used for multiple purposes mirroring the characteristics of 
each part. For example, the bast fibers, long and strong, can be used for rope, paper, and 
textile, whereas the core fibers, shorter, lighter, and richer in carbohydrates, could be 
used for liquid fuel. 
  
Potential of bast and core fibers as a biorenewable resource for fuel   
Our last objective was to investigate the use of fast pyrolysis on kenaf bast and 
core, tested on five cultivars. We hypothesized that fast pyrolysis, a thermochemical 
degradation that has a high potential to produce hydrocarbon fuels (green gasoline and 
69 
 
 
 
 
 
diesel) at relatively attractive costs (Brown and Brown, 2013), could be an appropriate 
process for kenaf.  
Initially, we supposed that the core would be more attractive than the bast for 
biofuel production due to its high lignin content and because bast is usually more 
valuable for paper or textile industry than the core. Lignin has been presented as an 
underused resource for liquid biofuels (Kim et al., 2014; Werpy et al., 2004). Our study 
did not allow us to quantify bio-oil yield, however, it quantified and identified 
compounds of volatile gases produced by the pyrolysis of a very small amount of 
biomass, including a targeted compound, levoglucosan. We found that two lignin-derived 
products (4-ethylphenol and 2,6-dimethoxyphenol) varied fairly between core and bast, 
and among varieties. A low concentration of lignin compounds in the volatile gases is 
usually coupled to a lower quality oil because of char production. The char formation 
during fast pyrolysis process is highly associated with lignin amount in biomass. If the 
carbons participated in biochar formation during pyrolysis, it results in lower bio-oil 
yield. In our study, highest lignin-derived compounds yields were found for the core and 
varieties such as Dowling or Whitten, suggesting that the core would probably lead to the 
best oil yield, when compared to bast. 
Our hypotheses, stating that fiber category and varieties were also important to 
pyrolysis products, were correct when we found that the composition of the volatile 
compounds varied among fibers and varieties. For example, levels of levoglucosan, a 
platform chemical with potential for production of products as diverse as ethanol,  
biodegradable plastics, and pharmaceuticals (Longley and Fung, 1993), was found to 
yield between 7.0 and 20.0 g kg-1 of the pyrolysis vapors, depending on fiber type and 
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variety. It is known that levoglucosan is mostly derived from cellulose degradation and 
that the presence of ash can cause pyranose rings in cellulose to fragment to “light 
oxygenates” such as hydroxyacetone that was found in high amount (Kuzhiyil et al., 
2012). Levoglucosan is also important for catalytic upgrading of bio-oil (Bridgwater et 
al., 1999), and its production can be suppressed by the addition of sodium chloride (Essig 
et al., 1988). The important levoglucosan yield in the bast, compared with its yield in the 
core, may be attributed to cellulose and ash amount in the material. We found a strong 
and negative correlation between total ash and cellulose in the bast (r = -0.67; Table 2.3) 
and between total ash and levoglucosan yield (r = -0.59).  
Overall, the levoglucosan yields that we observed were lower than reported by 
other researchers (Kuzhiyil and Brown, 2014; Li and Zhang, 2004), but that was because 
those references often passivated AAEMs in order to get higher yields. In general, annual 
plants like kenaf have low yields due to the high amount of ash, which is often an issue 
during thermochemical conversion of biomass. The correlation between levoglucosan and 
total ash was negative and relatively high, which confirms what previous studies has 
demonstrated that levoglucosan yield can be reduced by total ash. The way to drastically 
improve the levoglucosan yield would be to perform a pre-treatment with acid infusion 
(H2SO4 or H3PO4) prior to pyrolysis, as it has been demonstrated on switchgrass, red oak, 
and loblolly pine previously (Kuzhiyil and Brown, 2014). We did find an inverse 
correlation between levoglucosan and hydroxyacetone, reflecting the competition 
between glycosidic bonds breaking a pyranose ring fragmentation in cellulose (Kuzhiyil 
and Brown, 2014). This preferential conversion of carbohydrate to “light-oxygenates” 
such as hydroxyacetone instead of anhydrosugars like levoglucosan was disconcerting 
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even though hydroxyacetone can be recovered and utilized for other purposes (Zhang et 
al., 2005). The highest yields observed among the compounds targeted were acetic acid, 
levoglucosan, and hydroxyacetone, which originated from carbohydrates.  
Overall, this analysis of pyrolysis products was helpful in exploring the potential 
of fast pyrolysis of kenaf core and bast. It showed that this thermochemical degradation 
should be further studied, as information is scarce for kenaf. Considering the low 
levoglucosan yield obtained, for example, it will be important to apply alkali passivation 
techniques to increase its yield (Kuzhiyil and Brown, 2014). Finally, fast pyrolysis at a 
larger scale would be necessary to obtain an oil yield and compare it with the non-food 
energy crops currently in use.  
 
Conclusion 
 
Our study investigated different aspects of kenaf growth and processing. It started 
with selecting varieties that could be grown in Iowa. Tainung 2 produced one of the 
better yields, was the tallest and contained more core than the other varieties studied. 
Whitten and Tainung 2 could be grown for their core, when the core is the targeted fiber. 
The fact that we succeeded in differentiating varieties is extremely helpful for farmers 
who are interested in having an alternative to corn or soybean. The next step would be an 
investigation on the optimal management practices in Iowa. In that way, growers could 
know better how to get the best yield from their varieties. Also, a potential study on 
rotation with corn and soybean could be conducted to evaluate kenaf as an extra source of 
income and its impacts on soil health. 
72 
 
 
 
 
 
In addition to the productivity of kenaf grown in Iowa, the core fiber could be a 
suitable candidate for liquid fuel compared with the bast because it contains less ash, 
more lignin and the products of lignin pyrolysis had lower concentrations, depending on 
the variety. The large differences in anatomy and composition among kenaf varieties 
would allow selection for multiple purposes, and liquid biofuel could be a promising one. 
This study is the first one to investigate kenaf potential in Iowa for biofuel via fast 
pyrolysis and provides evidence that kenaf could be a very promising alternative crop for 
the Corn Belt. As corn is the principal source for ethanol in the Midwest, kenaf could 
represent an environmental-friendly alternative resource for energy and fuel in the 
Midwest landscape and economic market. 
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Tables 
 
Table 2.1. Stem yield, plant density, and morphology (mean ± S.E.) of kenaf in Boone, 
IA as affected by main effects. The varieties selected for this analysis were ‘Tainung 2’, 
‘Everglades 41’, ‘Everglades 71’, ‘Dowling’, ‘Gregg’, ‘SF459’, and ‘Whitten’.  
  Stem Yield† Plant Density† Leaf:Stem Ratio‡ 
  Mg ha-1 Plant ha-1  
Year        
2004  8.39 ± 0.39 c§ 61816 ± 4132 d 0.47 ± 0.01 a 
2005  11.25 ± 0.34 a 162996 ± 6731 a 0.37 ± 0.01 b 
2006  8.65 ± 0.52 c 8651 ± 5663 c   
2007  10.07 ± 0.27 b 10072 ± 7245 b   
  ANOVA 
Source df F value P value F value P value F value P value 
Year 3 11.94 0.0006 68.87 <.0001 33.93 0.0011 
Block(Year) 12 1.03 0.4355 1.19 0.3046 0.89 0.5103 
Variety 6 2.53 0.0590 5.32 0.0026 1.25 0.3980 
Year × Variety 18 0.87 0.6088 1.57 0.0905 2.18 0.0675 
  Stem Height‡ Basal Diameter‡ Core:Bast Ratio‡ 
  cm mm  
Year        
2004  225.7 ± 26.0 a 14.8 ± 0.7 a 1.61 ± 0.04 b 
2005  246.0 ± 17.1 a 12.4 ± 0.2 b 1.77 ± 0.04 a 
  ANOVA 
Source df F value P value F value P value F value P value 
Year  5.97 0.0503 8.56 0.0264 33.57 0.0012 
Block(Year)  4.8 0.0011 1.65 0.1622 1.69 0.1510 
Variety  4.43 0.0465 0.81 0.5968 23.09 0.0007 
Year × Variety  1.99 0.0932 1.65 0.1627 1.97 0.0964 
† The statistical analysis performed on stem yield was conducted on years 2004, 2005, 
2006, and 2007. 
‡ The statistical analysis performed on these parameters was conducted on years 2004 
and 2005. 
§ Different letters represent differences between years for each variable (α = 5%). 
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Table 2.2. Fiber composition and ash concentration (mean ± S.E.) of kenaf in Boone, IA as affected by year (2004, 2005 - Y) and 
tissue (bast, core - T). The varieties selected for this analysis were ‘Tainung 2’, ‘Everglades 41’, ‘Dowling’, ‘Gregg’, and ‘Whitten’ 
(n=80). 
  Cellulose Hemicellulose Lignin Total Ash Insoluble Ash 
  g kg-1 DM g kg-1 DM g kg-1 DM g kg-1 DM g kg-1 DM 
Year            
2004  563.4 ± 4.0 b† 193.7 ± 3.4 a 66.4 ± 2.0 a 40.61 ± 2.58 a 0.021 ± 0.001 a 
2005  580.8 ± 4.9 a 193.1 ± 3.9 a 61.7 ± 2.7 b 31.31 ± 2.68 b 0.021 ± 0.001 a 
            
Tissue            
Bast  598.0  3.4 a 167.7 ± 1.1 b 47.3 ± 1.0 b 51.25 ± 1.38 a 0.017 ± 0.001 b 
Core  546.2 ± 2.6 b 219.1 ± 1.2 a 80.8 ± 0.6 a 20.89 ± 1.07 b 0.025 ± 0.001 a 
  ANOVA 
Source df F value P value F value P value F value P value F value P value F value P value 
Year (Y) 1 44.32 0.0229 0.19 0.8951 34.16 0.0127 23.8500 0.0009 0.4 0.6051 
Block(Y) (B) 6 4.8 0.0008 10.04 <.0001 2.78 0.023 0.6300 0.7033 1.36 0.2643 
Variety (V) 4 2.97 0.2492 1.95 0.2246 1.76 0.4262 1.0800 0.3332 0.28 0.8352 
Y × V 4 2.86 0.2704 0.78 0.7436 2.86 0.159 1.1900 0.3368 1.31 0.1891 
V × B(Y) 24 2.16 0.0087 1.35 0.1756 1.72 0.0457 0.89 0.2879 0.78 0.7301 
Tissue (T) 1 394.31 <.0001 1809.03 <.0001 1776.81 <.0001 258.98 <.0001 93.79 <.0001 
Y × T 1 25.23 <.0001 18.45 0.0001 53.96 <.0001 0.05 0.8273 2.43 0.1299 
V × T 4 7.45 <.0001 3.46 0.0072 1.65 0.1583 1.8 0.1555 1.07 0.3882 
Y × V × T 8 0.77 0.5986 0.46 0.8307 0.52 0.7901 1.18 0.3415 1.62 0.1950 
† Different letters represent differences between years or tissues for each variable (α = 5%). 
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Table 2.3. Correlation coefficient of total ash and K concentration (in whole stem, bast, 
or core) with lignocellulose concentration, pyrolysis products, and mineral and metal 
composition of the 5 varieties of kenaf grown in Boone, IA in 2004 and 2005. 
 Total Ash K† 
 Stem Bast Core Stem Bast Core 
Lignin -0.74219 ** 0.36586 ** 
0.16725 
NS 
0.2488
4 NS 
-
0.0769
3 NS 
0.4530
5 NS 
Hemicellulose -0.81009 ** 
-0.17505 
NS 
0.16852 
NS 
0.2857
8 NS 
0.2507
9 NS 
0.5435
3 NS 
Cellulose 0.5231 ** -0.67029 ** 
-0.08289 
NS 
-
0.2368
9 NS 
-
0.0214 
NS 
-
0.1825
7 NS 
Total Ash‡ 1 1 1 0.01451 NS 
0.4059
7 NS 
0.6898
1 * 
Insoluble Ash -0.54705 * 0.22009 NS 
-0.43197 
NS 
-
0.0866
2 NS 
-
0.2550
2 NS 
-
0.2445
4 NS 
Hydroxy acetone 0.46327 ** -0.37177 * 0.30187 NS 
0.1621
3 NS 
0.2874 
NS 
0.7609
9 * 
Acetic acid -0.80704 ** 
-0.44064 
** -0.364 * 
0.4079
8 NS 
0.4983
5 NS 
-
0.2274
3 NS 
2-methoxyphenol -0.53633 ** -0.34057 * -0.2994 NS 
0.1539
1 NS 
-
0.0402
4 NS 
0.2045
9 NS 
2,6-dimethoxy-4-(1-propenyl) 
phenol 
-0.60345 
** 
-0.48062 
** 
-0.05954 
NS 
-
0.0883
5 NS 
-
0.7513
6 * 
-
0.2282 
NS 
4-hydroxy-3-
methoxyacetophenone 
-0.70606 
** 
-0.24594 
NS 
-0.20094 
NS 
0.0920
3 NS 
0.0304
8 NS 
-
0.1756
4 NS 
2-methoxy-4-methylphenol -0.18542 NS 
-0.13897 
NS 
-0.02087 
NS 
0.1462
6 NS 
0.2308
8 NS 
-
0.1536
4 NS 
Furfural -0.4762 ** -0.03138 NS 
-0.44324 
** 
0.1462
6 
0.2308
8 
-
0.1536
4 
Cyclopentelonone -0.37752 ** -0.46707 * 
-0.11719 
NS 
-
0.2137
3 NS 
-
0.1446
6 * 
-
0.5613
1 NS 
Phenol -0.10136 NS 
0.22175 
NS -0.0653 NS 
0.3130
2 NS 
0.2694
9 NS 
0.0997 
NS 
Vanillin -0.70122 ** 
-0.21163 
NS -0.32187 * 
0.1911
7 NS 
0.2913
4 NS 
-
0.0917
8 NS 
5-HMF -0.00328 NS 
-0.05374 
NS 
0.10443 
NS 
-
0.0305
6 NS 
-
0.0709 
NS 
0.2576
2 NS 
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Table 2.3. continued 
Levoglucosan 0.28137 * -0.58968 ** -0.59127 ** 
-
0.60448 
** 
-
0.90824 
** 
-
0.91841 
** 
4-ethylphenol 0.3409 * -0.01582 NS -0.09168 NS 
-
0.01848 
NS 
0.11024 
NS 
0.07409 
NS 
4-vinylphenol -0.70211 ** 0.04839 NS -0.10511 NS 0.30135 NS 
0.51778 
NS 
0.30144 
NS 
2-methoxy-4-vinylphenol -0.80081 ** -0.3962 * -0.21251 NS 0.30102 NS 
0.54436 
NS 
0.54358 
NS 
2,6-dimethoxyphenol -0.67982 ** -0.4426 ** 0.00494 NS 0.24495 NS 
-
0.06216 
NS 
0.37779 
NS 
Alb 0.38749 NS -0.44426 NS 0.65425 * 0.0307 NS 
-
0.53276 
NS 
0.65866 
* 
Cab 0.89283 ** 0.32999 NS 0.47973 NS  
-
0.10119 
NS 
0.17578 
NS 
0.67608 
* 
Feb 0.86504 ** -0.1665 NS 0.63477 * 
-
0.20102 
NS 
-
0.45392 
NS 
0.86108 
** 
Mgb 0.73775 ** 0.41774 NS  0.70982 * 0.50799 * 
0.89431 
** 
0.74233 
* 
Mnb 0.42934 NS -0.2386 NS 0.37903 NS -0.1257 NS 
-
0.31343 
NS 
0.67743 
* 
Pb 0.66568 ** 0.30844 NS 0.76576 ** 0.39126 NS 
0.61847 
NS 
0.65437 
* 
Sb 0.64062 ** 0.32129 NS 0.48539 NS 0.51983 * 
0.86843 
** 
0.78103 
** 
Nab -0.22895 NS 0.28597 NS 0.19936 NS 0.2503 NS 
0.31894 
NS 
-0.00123 
NS 
Kb 0.01451 NS 0.40597 NS 0.68981 * 1 1 1 
**, * Significant at the 0.01 and 0.05 levels of probability, respectively. NS, 
nonsignificant (P > 0.05). 
† The correlations with total ash were performed using the insoluble ash and the mineral 
and metal composition of the 5 varieties grown in 2005. 
‡ The correlations with K concentration were performed using the insoluble ash and the 
mineral and metal composition of the 5 varieties grown in 2005. 
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Table 2.4. Main effect (Tissue - Bast, Core) on mineral and metal composition (mean ± 
S.E.) of kenaf grown at Boone, IA in 2005. The bast and core concentrations represent 
the element concentrations averaged over the 5 varieties, the two blocks, for each tissue 
(n=10).  
  Al Ca† Fe Mg† Mn 
  g kg-1 DM g kg-1 DM g kg-1 DM g kg-1 DM g kg-1 DM 
Tissue       
Bast  0.019 ± 0.005 a‡ 7.999 ± 0.149 a 
0.035 ± 0.002 
a 
1.908 ± 0.092 
a 
0.023 ± 0.007 
a 
Core  0.019 ± 0.009 a 3.067 ± 0.231 b 
0.007 ± 0.002 
b 
1.349 ± 0.078 
b 
0.007 ± 0.004 
a 
  ANOVA 
Source df F value 
P 
value 
F 
value 
P 
value 
F 
value 
P 
value 
F 
value 
P 
value 
F 
value 
P 
value 
Block 1 0.78 0.5154 0.48 0.6971 0.35 0.7888 3.37 0.033 0.67 0.5766 
Variety (V) 4 0.9 0.4789 3.25 0.0269 0.63 0.6484 3.08 0.0326 0.85 0.5039 
Tissue (T) 1 0.42 0.5235 446.91 <.0001 71.67 <.0001 28.76 <.0001 2.81 0.1053 
V × T 4 0.54 0.7081 1.93 0.1337 1 0.4229 2.21 0.0945 0.99 0.4313 
  P S Na† K†   
  g kg-1 DM g kg-1 DM g kg-1 DM g kg-1 DM   
Tissue        
Bast  0.783 ± 0.064 a 0.569 ± 0.026 a 
0.118 ± 0.033 
a 
1.775 ± 0.280 
a     
Core  0.487 ± 0.039 b 0.421 ± 0.030 b 
0.461 ± 0.235 
a 
2.220 ± 0.159 
a   
  ANOVA   
Source df F value P value F value P value   
Block 1 11.35 <.0001 4.15 0.0154 0.93 0.4394 3.64 0.0251   
Variety (V) 4 2.6 0.0587 5.11 0.0034 0.62 0.6502 4.05 0.0107   
Tissue (T) 1 32.88 <.0001 18.36 0.0002 2.08 0.1608 2.79 0.1065   
V × T 4 4.4 0.0073 1.63 0.1961 0.84 0.5147 1.96 0.1292   
† Alkali and alkaline earth metal (AAEM) 
‡ Different letters represent significant differences between bast and core for each 
variable (α = 5%). 
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Table 2.5. Main effect (Tissue - Bast, Core) on pyrolysis products (mean ± S.E.) of kenaf 
grown in 2004 and 2005. The column “Yield in Whole Stem” represents the product 
yields averaged over the 5 varieties, the 4 blocks, the two tissues, and the two years 
(n=80) and the columns “Yield in Bast” and “Yield in Core” are the product yields 
averaged over the 5 varieties, the 4 blocks, and the two years for each tissue (n=40). 
Pyrolysis Product 
Yield in Whole 
Stem Yield in Bast Yield in Core 
g kg-1 DM g kg-1 DM g kg-1 DM 
Hydroxy acetone 8.65 ± 0.14 9.35 ± 0.17 a† 7.97 ± 0.15 b 
Acetic acid 19.54 ± 0.30 17.40 ± 0.35 b 21.63 ± 0.13 a 
2-methoxyphenol 0.79 ± 0.03 0.67 ± 0.03 b 0.90 ± 0.04 a 
2,6-dimethoxy-4-(1-propenyl) 
phenol 0.22 ± 0.01 0.15 ± 0.01 a 0.29 ± 0.02 b 
4-hydroxy-3-
methoxyacetophenone 0.16 ± 0.01 0.11 ± 0.00 b  0.20 ± 0.01 a 
2-methoxy-4-methylphenol 3.29 ± 0.23 0.35 ± 0.01 a  0.37 ± 0.01 a 
Furfural 1.32 ± 0.03 1.21 ± 0.03 b 1.42 ± 0.04 a  
Methylcyclopentelonone 0.33 ± 0.01 0.31 ± 0.01 b 0.35 ± 0.01 a 
Phenol 0.66 ± 0.01 0.65 ± 0.01 a 0.67 ± 0.01 a 
Vanillin 0.17 ± 0.01 0.09 ± 0.01 b 0.25 ± 0.02 a 
5-HMF 3.30 ± 0.02 3.29 ± 0.03 a 3.30 ± 0.04 a 
Levoglucosan 12.24 ± 0.42 14.40 ± 0.65 a 10.13 ± 0.25 b 
4-ethylphenol 0.09 ± 0.00 0.10 ± 0.00 a 0.08 ± 0.00 b 
4-vinylphenol 1.86 ± 0.18 0.57 ± 0.04 b 3.12 ± 0.23 a 
2-methoxy-4-vinylphenol 0.36 ± 0.01 1.49 ± 0.05 b 5.03 ± 0.23 a 
2,6-dimethoxyphenol 0.70 ± 0.05 0.39 ± 0.03 b 1.01 ± 0.06 a 
† Different letters represent differences between bast and core for each pyrolysis product 
(α = 5%).
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Figure 2.1. Average monthly air temperature (°C) and monthly cumulative precipitation 
(mm) over 2004 – 2007 (ISU Ag Climate, 2014). 
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Figure 2.2. Average stem dry yield (mean ± S.E.; A) and plant density (mean ± S.E.; B) 
per kenaf variety over 2004 – 2007. The letters on the top of each bar denote differences 
between varieties. (Note that the scale for the two panels is different). 
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Figure 2.3. Average stem height (mean ± S.E.; A) and average core:bast ratio (mean ± 
S.E.; B) per kenaf variety over 2004 – 2005. The letters on the top of each bar denote 
differences between varieties. (Note that the scale for the two panels is different). 
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Figure 2.4. Cellulose, hemicellulose and acid detergent lignin concentration (mean ± 
S.E.) in bast and core per year (A) and per variety (B), during the experiment of 2004 and 
2005. The letters denote significant differences between treatments. Lower cases 
highlight differences within cellulose, and within acid detergent lignin, whereas capital 
letters reflect differences within hemicellulose. (Note that the scale for the two panels is 
different). 
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Figure 2.5. Calcium, K, Mg and S concentration (mean ± S.E.) that were significantly 
influenced by the varieties of kenaf grown in 2005. The letters represent significant 
differences between varieties for each element.  
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Figure 2.6. Products of kenaf pyrolysis (mean ± S.E.) showing the influence of year of 
biomass production (2004, 2005), plant part (bast, core), and variety (Dowling, Gregg, 
Everglades41, Tainung 2, and Whitten): (A) levoglucosan; (B) 4-ethylphenol; and (C) 
2,6-dimethoxyphenol. (Note that the scale for the two panels is different). 
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Figure 2.7. Products of kenaf pyrolysis (mean ± S.E.) showing the influence of: (A) year 
of biomass production (2004, 2005), fiber category (bast, core) on furfural production; 
(B) year and variety (Dowling, Gregg, Everglades41, Tainung 2, and Whitten) on furfural 
production; and (C) year and variety on 2-methoxy-4-methylphenol production. The 
letters represent significant differences between treatments. (Note that the scale for the 
two panels is different).  
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Figure 2.8. Correlation of levoglucosan yield with hydroxyacetone yield for bast and 
core. (Note that the lines are regression lines, with the correlation coefficients r appearing 
on the graphs). 
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CHAPTER III 
 
KENAF PRODUCTIVITY AS AFFECTED BY MANAGEMENT PRACTICES IN 
IOWA 
 
A manuscript submitted to Agronomy Journal 
Marie Bourguignon1*, Kenneth Moore1, Andrew Lenssen1, Sotirios Archontoulis1, 
Douglas Stokke2, Brian Baldwin3 
 
Abstract 
 
Development and commercialization of biobased and bioenergy products 
contribute to new and expanded markets for agricultural feedstocks, reduce U.S. 
dependence on petroleum, and diversify agriculture. In Iowa, there are opportunities for 
development of manufacturing products from biobased feedstocks and the production of 
kenaf (Hibiscus cannabinus L.), an annual, fast-growing herbaceous crop. Different 
agronomic management practices were investigated for kenaf production in Iowa with the 
objectives to: 1) develop optimum agronomic practices (planting date, seeding rate, row 
spacing, N fertilization) leading to optimal kenaf and fiber yield; 2) assess the effects of 
management practices on kenaf morphology; and 3) determine lignocellulosic 
composition of kenaf bast and core. Cultivar ‘Tainung 2’ was grown at Boone, IA and 
measured at harvest for stem dry yield, stand density, stem height and diameter, core:bast 
ratio, and lignocellulose concentration.  
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2 Dept. of Natural Resource Ecology and Management, Iowa State Univ., Science II, Ames, IA 50011, USA 
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Results indicated that planting kenaf in early May in 20-cm rows led to the 
greatest dry stem yields (13 Mg ha-1) and that 18.5 seed ha-1 in 20-cm was the optimal 
combination of practices for stem yield. Adding N was only favorable when kenaf was 
planted in early May. Management practices influenced stem height, diameter, and 
core:bast ratios, however, their effects on lignocellulose concentration in bast and core 
were nominal. It was concluded that kenaf responded well to Iowa climate and that bast 
production could be improved by the selected management practices. 
 
 
 
 
Core Ideas 
 Kenaf adaptability and productivity investigated in Iowa. 
 Kenaf seeded in early May at 18.5 seed ha-1 in 20-cm rows had the greatest yields. 
 The benefits of N fertilization were greatest when kenaf was planted in May. 
 Fiber composition was dependent on agronomic practices. 
 
 
 
 
Abbreviations 
ADF - acid detergent fiber; ADL - acid detergent lignin; DM - dry matter; NDF - neutral 
detergent fiber. 
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Introduction 
 
Development and commercialization of biobased products contribute to new and 
expanded markets for agricultural feedstocks, accelerate market penetration, reduce U.S. 
dependence on petroleum and other imports of critical materials, and diversify agriculture 
while promoting rural and sustainable development. A group of industries is responding 
to consumer and governmental market signals, which indicates a preference for biobased 
materials in products like office furniture, farm implement panels, and composite 
materials. Therefore, and due to this group’s efforts, opportunities of niche for 
manufacturing products from biobased feedstocks have been discovered (Dale, 2003; 
Duncan, 2003). One particular niche, which could be integrated in annual food crop 
rotations, would be producing kenaf (Hibiscus cannabinus L.) for processing and 
manufacturing products. There is a documented need for crop diversification in the 
Midwest, especially in Iowa (Davis et al., 2012; Helmers et al., 2001) and kenaf might be 
a viable option, but agronomic data lack from Iowa. 
Kenaf is a fast-growing, annual herbaceous dicot that belongs to the Malvaceae 
family. The stem of kenaf is composed of bast and core. Bast is the outer part of the stem 
and core is the inner portion of the stem. Both bast and core are marketable products for 
farmers and can be used together or separately in textile, cordage, paper pulp, 
biocomposite, chemicals, or biofuel substrates (Saba et al., 2015). There is a promising 
market for kenaf-based products that may have high potential for good economic returns 
while improving landscape diversity.  
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The center of diversity for kenaf is eastern Africa. It has been cultivated since 
4000 BC (Cheng et al., 2004). The crop was introduced to Asia three centuries ago, into 
China in the 1900’s, and into the U.S. during the Second World War to make cordage and 
supplement war needs (Dempsey, 1975). Kenaf is a tall plant that can grow to 6 m height 
(Brown and Brown, 2014), but typically grows to 2.5 to 3.7 m depending on soil type and 
available moisture (Danalatos and Archontoulis, 2010; Mullens, 1998). After a growing 
season of 4 to 5 months, kenaf stalks are cut, dried in the field for 30 to 45 days, and 
separated into bast and core at a processing plant. 
The bast, about 30 to 35% of the stalk, has long (2.5 mm × 17 μm) and stringy 
fibers that have a number of applications in non-woven and woven textiles (Saba et al., 
2015; Sellers and Reichert, 1999). The core, about 60 to 65% of the stem  is light, 
spongy, and porous and contains shorter, wider fibers about 0.6 mm long with width of 
33 μm (Monti and Alexopoulou, 2013). Core fiber is used for many applications, 
including animal bedding and composite decking materials (K.E.F.I., 2011; Kalaycıoglu 
and Nemli, 2006). Kenaf is a lignocellulosic crop and its stems are composed of 45 to 
57% cellulose, 21 to 24% hemicellulose, and 8 to 13% lignin (Akil et al., 2011). The 
composition of bast and core in cellulose, hemicellulose, and lignin is a positive attribute 
of kenaf when compared with other industrial feedstocks for bioenergy and for natural 
fibers.  
Management practices, including planting date and previous crop influenced 
kenaf yield and quality in Greece (Danalatos and Archontoulis, 2010), Australia (Wood 
et al., 1983), and Spain (Danalatos and Archontoulis, 2010; Manzanares et al., 1997; 
Wood et al., 1983). Few studies have investigated the effect of management practices in 
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the Upper Midwest, including Iowa, for lignocellulosic concentrations in base and core 
kenaf stems or overall productivity. Although kenaf is typically grown in subtropical 
areas, it may be well adapted to the Upper Midwest during summer months. Kenaf 
previously was documented to grow well in North Dakota (Berti et al., 2013). These 
authors investigated the influence of seeding rate, row spacing, and Anfinrud et al. (2013) 
evaluated the response of kenaf to different nitrogen fertilization rate. They determined 
that best management practices for eastern Norther Dakota included stand densities of 16 
to 32 plants m-2 in 30-cm rows and high fertilizer N inputs were required to attain high 
yields. Although predominant soils in eastern North Dakota and Iowa are classified as 
Mollisols, the environments are quite different during the growing season (Franzen, 
2015). Agronomic production practices for kenaf have not been developed for Iowa, but 
based on previous research done in North Dakota and subtropical regions, we expect that 
optimizing seeding rate, row spacing, and N fertilization rate will impact kenaf yield and 
quality.  
Consequently, a study was initiated to evaluate management practices for growing 
kenaf and its fibers in Iowa. In this, it was first hypothesized that all management 
practices would be important, especially planting date and N fertilization and that it 
would exist an ideal combination of practices. To address this hypothesis, the specific 
objective of this study was to investigate agronomic practices (3 planting dates, 3 seeding 
rates, 3 row spacing, and absence or presence of N fertilization) leading to optimal kenaf 
and fiber yield. 
Then, it was predicted that stem height, diameter, and core and bast production 
would be influenced in some ways by the combination of management methods. To test 
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this, the objective was to assess the effects of these management practices on kenaf 
morphology. Finally, it was supposed that lignocellulosic composition would not 
necessarily be modified by the row spacing, seeding rate, or N fertilization, but that it 
would probably be influenced by the planting date. Therefore, the objective was to 
evaluate the influence of the agricultural methods on lignocellulosic composition of kenaf 
bast and core.  
Material and Methods 
 
Site, experiment, and local climate 
A field study was conducted in 2004, 2005, and 2006, at the Iowa State 
University Agronomy and Agricultural Engineering Research Farm (42° 01’ N, 93° 46’ 
W) on a Nicollet loam soil (fine-loamy, mixed, mesic Aquic Hapludoll). Weather data 
during the three-year trial were acquired using the weather station A130209 located at the 
Agricultural Research Farm near Boone, IA (ISU Ag Climate, 2014). 
The experimental design was a split-block with four replications. The whole plots 
were the N fertilization, the treatments studied were in factorial combination of planting 
date, seeding rate, and row spacing and were replicated four times in a randomized 
complete block design. A single pass of tillage with a field cultivator was applied prior to 
the planting period and N fertilizer of 0 and 168 kg ha-1 N were applied in strips 
perpendicular to the other treatments across each block immediately after planting. Weed 
management was done with formulated pendimethalin (N-(1-ethylpropyl)-3,4-dimethyl-
2, 6-dinitrobenzenamine) at 2.3 L ha-1 and prior to seedling and once two weeks after 
planting. Seeds of kenaf cultivar Tainung 2 were planted into 3.1-m wide by 15-m long 
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plots at populations 18.5, 27.8, and 37.1 seed m-2 using row spacings of 20, 38, and 76 
cm. Plots were planted 2.5 cm deep on three dates each year, corresponding to soil 
temperatures approximately of 10, 13, and 16°C (Table 3.1).  
 
Data collection 
In 2004, 2005, and 2006, two 3-meter rows were harvested by hand in each plot, 
respectively, on 9 November 2004, 12 December 2005, and 20 November 2006, after the 
first killing frost (-2°C). The number of plants (stand density) and the wet weight were 
determined on those two rows for each harvest. At harvest in 2004 and 2005, 10 random 
individual stems from each plot were selected and subjected to morphological, physical, 
and chemical analyses. Stem height and diameter at half height were measured. The mean 
over these 10 plants per plot was then recorded. The 10 stems were then combined into 
one sample to represent the plot, stripped by hand, and separated into bast and core 
material. Core and bast were weighed, dried at 60°C until the moisture concentration was 
constant, re-weighed, and ground to pass a 1-mm sieve using a rotary mill. Chemical 
analyses included neutral detergent fiber (NDF), acid detergent fiber (ADF), acid 
detergent lignin (ADL) and insoluble ash using a modified ANKOM sequential fiber 
procedure (Vogel et al., 1999).  
 
Statistical analysis 
An analysis of variance, using Proc GLM in SAS, was conducted to evaluate the 
agricultural practices effects on yield and fiber quality variables. The year variable of the 
statistical analysis performed on yield and plant density comprised 2004, 2005, and 2006, 
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whereas the statistical analysis conducted on core:bast ratio (core dry weight divided by 
bast dry weight) and fiber quantity and quality used only 2 years (2004, 2005). All 
parameters were fixed, except for year and blocks, which were considered as random, 
with block nested in year. The fiber category (bast, core) was not added to the model 
because bast and core of each sample were not independent. The LSD test was performed 
to evaluate differences between treatment means, using an alpha level of 5%. Finally, 
correlations between measured variables were calculated and compared.  
 
Results and Discussion 
 
Optimum agronomic practices leading to optimal kenaf and fiber yield  
Temperatures and precipitations during the study period were within the 30-year 
long-term range, except for short periods (Figure 3.1). For instance, March 2004, May 
2004, and September 2006 received approximately 50% more precipitation than over the 
30-year mean. In 2004, June, July, and August were several degrees cooler than long-
term.   
The planting date × seeding rate × row spacing interaction was significant for 
kenaf stand density at harvest (P < 0.0001; Figure 3.2). For this measurement, no 
interaction with N fertilization rate was observed. Plant population was often greater 
when kenaf was planted late May or early June, especially when grown in 20-cm rows at 
37.1 seed ha-1. The dependence of stand density on planting date in this study did not 
confirm what was observed previously (Webber and Bledsoe, 2002). As plant density 
represents the number of plants that were recorded at harvest, the plant density can be 
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linked to the plants that have fully emerged and survived. Therefore, according to these 
results, most of the seeds germinated and survived better when kenaf was planted in late 
May or early June, where the soil temperature was generally above 15°C. This suggested 
that warm temperatures favored kenaf seedling emergence and growth. This could be 
shown by comparing how many seed were planted (seeding rate) and how many plants 
emerged and survived to harvest (stand density at harvest). Most of the plots that 
presented a stand density close to the initial seeding rate were the ones that have been 
planted in 20-cm rows in late May. Row spacing also had an impact on emergence and 
survival of seed, especially when kenaf was planted in wide rows. For example, plant 
density was at its minimum when kenaf was seeded at 18.5 seed m-2 in 76 cm-rows 
(Figure 3.2). Initial emergence might have been similar or nearly identical to narrower 
rows, but due to more intense intraspecific competition, fewer plants survived to harvest.   
The planting date × row spacing and planting date × seeding rate interactions 
were significant for stem yield (Table 3.2). Stem yield was greatest when kenaf was 
planted in early or late May in 20-cm rows (13.0 and 12.7 Mg ha-1, respectively, Table 
3.2). This result was most likely due to the number of plants per m2 and that earlier 
planting allowed greater accumulation of heat units. Planting in May resulted in a higher 
stem yield than in June. This finding supports previous findings that earlier planting date 
could improve kenaf stem yield (Banghoo et al., 1986; Campbell and White, 1982; 
Manzanares et al., 1997). However, it took a further step as this study refined knowledge 
of the planting date effect, because seeding rate or row spacing interacted with sowing 
date. Indeed, the benefit of planting kenaf in early May was even more visible with 
seeding rate, as different seeding rates resulted in high yields when seeded in early May 
100 
 
 
 
 
(Table 3.2). However, sowing kenaf in early June led to a comparatively poor yield 
regardless of seeding rate (a 31% and 30% decrease from early and end of May, Table 
3.2).  
The findings provided evidence that using narrow rows was better for stem yield 
than wider rows, which confirms what Salih (1978) found, but does not confirm what 
Williams (1966)’s work. Also, other studies have investigated the seeding rate effect and 
demonstrated that high seeding rates led to higher stem yields when grown in Florida 
(Wilson and Joyner, 1969), in Georgia (Higgins and White, 1970), in Spain (Manzanares 
et al., 1997), and in Maryland (White et al., 1971). But, contrary to these studies, the 
planting date × row spacing × seeding rate was tested in this work, when kenaf was 
grown in Iowa. The results showed a significant interaction between row spacing and 
seeding rate (P < 0.0001). Banghoo et al. (1986) found that, when grown in California, 
the highest seeding rate (34.6 seed m-2, which was comparable to our 37.1 seed m-2 
treatment) and the 38-cm rows was the optimal combination to reach the maximum stem 
yields (35.9 Mg ha-1). However, growing kenaf in Iowa at 18.5 seed ha-1 in 20-cm rows 
was the best treatment (12.1 Mg ha-1, Table 3.2). The results also showed that changing 
the row spacing resulted in larger yield differences than changing seeding rate. Indeed, 
stem yield was the highest in 20-cm rows, regardless of seeding rate (approximately 11.5 
Mg ha-1; Table 3.2), whereas the effect of seeding rate was only visible in 38-cm and 76-
cm rows. 
Surprisingly, stem DM yield did not follow a similar trend with kenaf stand 
density. The interaction between the planting date, seeding rate, and row spacing was 
significant for plant stand density, whereas it was not significant for the stem yield. This 
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could be explained by the correlation analysis between plant density and stem DM yield, 
presenting a significant correlation coefficient of only 0.39 (Table 3.3), proving that the 
relationship between these two parameters was not strong over the years. 
Nitrogen fertilization is in general one of the most important management 
practices for non-legume crops. Many studies have investigated the effect of N 
fertilization on kenaf stem yield and it has been observed that, when kenaf was harvested, 
its leaves had typically senesced and abscised, returning up to 4.0% by weight of N in the 
leaves returned to the soil (Banghoo et al., 1986; Hollowell, 1997). Response of kenaf to 
added N fertilizers was found to be mostly dependent on soil nutrient levels. Alexopoulou 
et al. (2015) and Wood and Angus (1976) reported that kenaf typically required up to 30 
kg of N per Mg of stem.  
Our three year study showed that N fertilization was important for kenaf yield 
(Table 3.2). Adding 168 kg ha-1 N increased stem yield by 15% when the crop was 
planted in early May, compared to late May or early June. These results confirmed the 
positive effect of N addition on yield (Adamson et al., 1979; Anfinrud et al., 2013; White 
and Higgins, 1964), but also supported some research which did not report any 
significant effect of N addition on kenaf productivity (Danalatos and Archontoulis, 2010; 
Massey, 1974; Webber, 1996). We documented that planting kenaf in early May 
increased the benefits of N fertilization on stem yield, which was in contradiction with 
Manzanares et al. (1997). Since part of the recommendations for Iowa producers would 
be to plant kenaf in early May, the suggestion would be to apply N fertilizer only when 
planting early. If kenaf is planted at later dates, the addition of N fertilizer likely is not 
warranted.    
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It is important to note that the overall stem yield found in this work was lower 
than yields reported from other studies, but no other comparable studies were conducted 
at latitudes similar to that of Iowa. Berti et al. (2013) was one of the only studies 
evaluating kenaf production in North Dakota. This previous study showed that the stem 
yield ranged between 9.5 and 10.2 Mg ha-1, which was comparable to what was found in 
Iowa (9.5 Mg ha-1, across treatments). Berti et al. (1993) also demonstrated that narrower 
rows and high seeding rates resulted in greatest yields, which was not exactly the case in 
Iowa. In their work however, the cultivar Dowling was studied, which was not the variety 
that was used in this study. Few other studies have been done in the upper Midwest or in 
the Northern Plains. In Central Washington, kenaf yield of 3 different cultivars ranged 
between 6.3 to 23.1 Mg ha-1, when grown in 1987 and 1990 (Evans and Hang, 1993). The 
varieties used were not the same as in Iowa, and irrigation was part of the Washington 
management practices. 
A difference between this research and some previous studies such as Banghoo et 
al. (1986), was that the cultivar investigated in this study was Tainung 2, the most 
commercially planted cultivar, whereas previous work used other varieties such as 
‘Tainung 1’ and ‘Cuba 2032’. Interactions with genotype and management occur with 
kenaf.  For instance, Tainung 2 has previously been found to often surpass other kenaf 
cultivars grown in the U.S. with a stem yield averaging 13.8 to 21.8 Mg ha-1 (Webber, 
1993; Webber, 1997). Petrini and Belletti (1991) observed that Tainung 2 was more 
productive than Tainung 1, but Ching and Webber (1993) did not find any difference 
between them. Also, the performance of Tainung 2 over other cultivars was not always 
proven (Alexopoulou et al., 2015). In the study conducted in Iowa, Tainung 2 yielded 9.5 
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Mg ha-1 on average, which was less than that when grown in Oklahoma (Webber, 1993) 
or in Greece (Alexopoulou et al., 2000). However, in a study comparing 7 kenaf 
cultivars, Bourguignon et al. (2016) reported Tainung 2 was one of the most promising 
cultivars for stem yield in Iowa. However, widespread testing of kenaf cultivars in 
singular management systems has not been done. Productivity of multiple cultivars 
should be studied in order to select the best varieties for this soil type and environment.  
Although a number of studies investigated two-way management interaction 
effects on kenaf productivity, few have investigated the three-way interaction of planting 
date, row spacing, and seeding rate on stem yield and plant density. Plant stand density 
and stem yield were strongly affected by planting date, row spacing, and seeding rate, 
together, or separately. Therefore, it was possible to develop combinations of 
management practices that could fit kenaf production in Iowa. To reach high yields in 
Iowa, this study showed that planting kenaf in early May, at 18.5 or 27.5 PLS m-2 in 20-
cm rows was the best and most consistent option.  
 
Effects of management practices on kenaf stem height, diameter, and core and bast 
production 
 
Similarly to stem yield, planting kenaf in early June instead of early or late May 
had a negative influence on height and half-height diameter (Table 3.2). The plants were 
smaller and thinner when planted in June rather than in May. This can be explained by 
the fact that the growing season was shorter when planted in June than when planted in 
May, which would give less time and heat units to the plants to reach high heights and 
thick diameters. This result did not confirm what was found in Maryland (Campbell and 
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White, 1982), which stated that stalk height and stem diameter were not significantly 
affected by planting date.  
The planting date × row spacing, planting date × seeding rate, and row spacing × 
seeding rate interactions were significant for half-height diameter (Table 3.2). Stalks 
exhibited diameters over 12 cm on average, when the combination of early planting date 
and wide row spacing treatments was applied. Also, using low seeding rates in May led 
to one of the larger diameters (13.3 cm in early May, 12.8 in end of May; Table 3.2). 
These results confirmed Williams (1966)’s work, in which the stem diameter was 
affected by row spacing. Spacious environments (wide rows, low seed populations) could 
have allowed stems to grow thicker than in crowded environments, especially when 
planted earlier than later. In fact, a negative relationship was found between half stem 
diameter and plant density (r = -0.56; Table 3.3), which supported these findings.  
For half-height diameter, the best combinations of practices were 38-cm or 76-cm 
rows at 18.5 seed m-2, which resulted in 13.0 and 12.3-cm diameter, respectively (Table 
3.2). As the correlation coefficient between stem height and diameter was 0.64 (Table 
3.3), these results showed that the height and diameter response had a similar trend. 
The row spacing × seeding rate interaction was significant for stem height (Table 
3.2). For this variable, planting kenaf in 38-cm and 76-cm resulted in the same height, 
regardless of seeding rate (approximately 240 cm; Table 3.2). However, the variability of 
height across seeding rate was observed when the row spacing was 20 cm. In this 
scenario, using 27.8 and 37.1 seed m-2 led to 16% smaller plants than seeding at 18.5 seed 
m-2 rate. Campbell and White (1982) proved that greater heights were achieved when 
24.7 and 37.1 seed m-2 were used compared to higher seeding rates. Although their low 
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seeding rates (24.7 and 37.1 seed m-2) matched the high seeding rates of the Iowa study, 
the results were similar to their study in the fact that, if higher seeding rates had been 
used, lower heights would have probably observed, but probably only when using 20-cm 
rows.  
Beside seeding rate and row spacing, stem height was influenced by N 
fertilization and seeding rate, whereas diameter was not sensitive to N (Table 3.2). For 
stem height, applying 168 kg ha-1 N even resulted in smaller plants when these were 
seeded at 27.8 seed m-2. These results contradicted those of Adamson et al. (1979), 
stating that N fertilization increased stem height and diameter, when kenaf was grown on 
an Adisto and Ona soil types, in Georgia. Also, these findings were also in contradiction 
with a study evaluating the effects of five N rates and showing that N fertilization did not 
significantly influenced stem height (Massey, 1974). In our study, stem height was 
indeed influenced by N, but the effect varied with seeding rate.  
Kenaf is a crop cultivated primarily for bast fibers that are located in the outer 
part of the stem. The inner part is the core and it can have some potential for biofuel 
(Bourguignon et al., 2016), or for biocomposite materials (Faruk et al., 2012; Webber and 
Bledsoe, 1993). The kenaf core:bast fiber ratio was influenced by planting date, N 
fertilizer rate, and the row spacing × seeding rate interaction (Table 3.2).   
The latest planting date (early June) resulted in 11% lower core:bast ratio than the 
earliest date (Table 3.2), which meant that kenaf stems produced more bast, for the same 
production of core, than when planted later in the year. To the contrary, for the same 
amount of bast, kenaf stems produced more core when kenaf was planted in early May 
than in early June. This was mainly due to the addition of core (xylem), whereas the bast 
106 
 
 
 
 
(phloem) is typically fixed. Also, the growing season was shorter when kenaf was planted 
in June rather than in May and plants had a shorter period to grow and develop thick, 
core-rich stems than when kenaf was planted earlier. Bast and core proportion was 
reported to vary among cultivars and sowing date (Wood et al., 1983). In Wood et al. 
(1983), bast composition varied between 27 and 46%, representing a core:bast ratio 
ranging from 1.2 to 2.7. 
N fertilization was found to significantly reduce the core:bast ratio by 5% when 
168 kg ha-1 N was applied (Table 3.2). If the ratio has decreased, this meant that, for the 
same amount of core produced, more bast fibers were produced when N was added. This 
showed that N fertilization could clearly influence the fiber tissue composition. 
The interaction between row spacing and seeding rate was found significant and 
the results showed that the core:bast ratio was larger when kenaf was planted in 38-cm or 
76-cm rows at 18.5 or 37.1 seed m-2 (approximately 1.86; Table 3.2). Williams (1966) 
has shown that seeding rate and row spacing could affect fiber yield, which was in 
contradiction with Walker and Sierra (1950). Our study supported the results of Williams 
(1966), reported and offered new knowledge about the whole productivity, morphology, 
and physiology of kenaf in response to seeding rate, row spacing, but also other 
management practices. The effect of row spacing could be attributed to the larger 
diameter of the stem, when the rows were wider, because there would be less competition 
between plants. Indeed, a negative correlation was found between half-height diameter 
and core:bast ratio (r = -0.11; Table 3.3). For an industrial prospective, a smaller 
core:bast ratio would imply that there was more bast produced, for a fixed production of 
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core, and, based on these results, a narrower row spacing combined with a 37.1 seed m-2 
rate would lead to the smallest core:bast ratio.  
 
Agricultural practices impacting the lignocellulosic composition of kenaf bast and 
core 
Few studies have investigated in detail the effect of management practices on 
hemicellulose and lignin composition of kenaf bast and core fibers. However, cellulose 
concentrations in kenaf have received much attention due to the use of kenaf for 
manufacturing of a large range of paper products (Nelson et al., 1962) its potential for 
biofuel and biochemical substrate for bioethanol and levoglucosan production (Amaducci 
et al., 2000; Ardente et al., 2008).  
When grown in Iowa, many significant results, including multiple interactions 
between explanatory variables, were observed (Table 3.4). Although the effect was small, 
the planting date significantly influenced the lignocellulose concentration in both tissues. 
The core of kenaf contained 1% less cellulose and 3% less acid detergent lignin when 
planted in early May than in early June (Table 3.4). In the bast, a similar trend was 
observed for acid detergent lignin (+ 6%) and for cellulose (+3%, Table 3.4). Mambelli 
and Grandi (1995) reported that harvest dates influenced cellulose concentration in the 
bast, but not in the core.   
When focusing more on the hemicellulose and acid detergent lignin portion of the 
stem, results showed that row spacing and seeding rate influenced fiber composition of 
core and bast, not previously reported. Bast lignin concentration was lowest when kenaf 
was planted at 27.8 or 37.1 seed m-2 in 20-cm rows (50 and 48 g kg-1, respectively, Table 
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3.4) while greatest lignin concentration occurred when kenaf was seeded at 37.1 seed m-2 
in 38-cm rows or at 18.5 seed m-2 in 76-cm rows (55.7 and 54.5 g kg-1, respectively). In 
the core, the lignin portion did not vary dramatically between seeding rate and row 
spacing; however, growing kenaf at 37.1 seed m-2 in 38-cm or 76-cm rows resulted in 
significant different concentration (87.0 and 84.5 g kg-1, respectively; Table 3.4). With 
respect to hemicellulose in the core, both row spacing and seeding rate influenced to the 
fiber concentration, without exhibiting a set pattern of response.  
Cellulose in the bast was the only fiber with a significant planting date × row 
spacing × seeding rate interaction and its concentration varied between 560 and 620 g kg-
1, depending on the treatments (Figure 3.3-A). This has never been reported before. 
Planting kenaf in early June in 20-cm rows, or 18.5 or 27.8 seed ha-1 resulted in the 
highest bast cellulose concentration. Contrary to the bast, the core was not sensitive to the 
3-way interaction (Figure 3.3-B). But it presented a significant difference of 
concentration between planting kenaf in 76-cm rows at the end of May, and seeding 
kenaf in early June in 20-cm rows (513.5 and 526.9 g kg-1, respectively; Table 3.4). 
Cellulose concentration has previously been observed to be higher when kenaf was 
planted in wide rows than in narrow rows (Williams, 1966). The results of the Iowa study 
did not confirm this, and this was because cellulose concentration was dependent on row 
spacing, planting date, and seeding rate, at least in the bast (Figure 3.3). 
When focusing on N rate, the results showed that hemicellulose and acid 
detergent lignin concentration in the bast were always slightly reduced when N was 
applied (Table 3.4). Surprisingly, lignocellulose in the bast was not sensitive to any 
interaction with N, contrary to the lignocellulose concentration in the core. In this fiber 
109 
 
 
 
 
portion, the N fertilization effects on hemicellulose and acid detergent lignin 
concentration were visible, depending on planting date. For instance, when fertilized, 
hemicellulose concentration in the core was 2% higher when planted in early May than 
when planted in early June (Table 3.4). This confirmed the initial recommendation, 
which was to plant kenaf in early May and to apply N, but only if seeded in May. 
Contrary to hemicellulose, lignin in the core presented its highest concentrations when 
fertilized kenaf was planted in late May and early June (Table 3.4). Finally, cellulose was 
only dependent on N fertilization absence or presence, and adding 168 kg ha-1 N 
increased its yield by 4% over the years. It is important to note here that this response 
was the opposite of the one in the bast, whose cellulose concentration was reduced by N 
application (Table 3.4). Adamson et al. (1979) pointed out that the impact of N 
fertilization on fiber quality and lignocellulose yield have not been studied. Even though 
their methods of determination applied to lignin and cellulose concentration were not 
similar to those of this study, they did highlight that N application had no effect on 
cellulose, but influenced lignin concentration.  
Mambelli and Grandi (1995) reported that the bast portion of the stem was 57 % 
(570 g kg-1) cellulose and 16 % (160 g kg-1) hemicellulose, which was confirmed by the 
results in Iowa, when averaged cellulose and hemicellulose concentration was calculated 
over years, planting dates, seeding rates, row spacing, and N fertilization. Mambelli and 
Grandi (1995), however, found that bast included 3.5 % (35 g kg-1) acid detergent lignin, 
which was 32% more than what was found in this study. Also, they found that in the core, 
the cellulose concentration was similar to the bast, but that the hemicellulose and lignin 
concentration were higher in the core than in the bast. In the Iowa study, the core 
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contained 13% more cellulose, 24% less hemicellulose, and 39% less lignin than in the 
bast. Therefore, only the study of Mambelli and Grandi (1995) about the hemicellulose 
and lignin concentration in the bast and in the core was confirmed by these results. Other 
studies, such as Clark et al. (1971), have also reported that core and bast had different 
lignocellulose concentration similar to the results of the Iowa study (Clark et al., 1971). 
Cellulose in the bast was positively correlated to cellulose in the core (r = 0.58; 
Table 3.3), and negatively correlated to the core:bast ratio (r = -0.59), which was 
expected, because the higher the core:bast ratio, the lower the bast concentration. In the 
core, cellulose was positively related to stem height (r = 0.45), but was negatively 
correlated to core:bast ratio (r = -0.75), and to hemicellulose in bast (r = -0.62). 
This study had unique results indicating the influence of agricultural practices on 
lignocellulose concentration of kenaf when grown in Iowa. However, it is important to 
note that, even though many significant interactions between treatments were found, most 
of the differences of lignocellulose between treatments were biologically small and likely 
not of great practical importance for Iowa producers. Unless buyers demand specific fiber 
quality, producers likely will focus on the agricultural management that leads to 
maximum bast yield. 
 
Conclusion 
 
This study evaluated the influence of agricultural practices on kenaf stem yield, 
morphology, fiber quantity and quality when grown in central IA. It was observed that 
planting kenaf at low or medium seeding rate, in narrow rows, and in early May resulted 
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in highest stem yields and core:bast ratios. Nitrogen fertilization was not always 
beneficial, but applying 168 kg N ha-1 when kenaf was planted in early May produced 
greater yield.  Lignocellulose concentration was mostly influenced by the N fertilization 
and this can be of importance for Iowan producers who want to grow kenaf for its 
cellulose content. 
Overall, this study has shown that kenaf can grow very well in Iowa and should 
receive more attention from Iowan producers and industries to improve the economy and 
landscape diversity of Iowa cropping systems.   
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Tables 
 
Table 3.1. Kenaf planting dates, soil temperatures at planting (depth = 10 cm), and 
harvest dates, in 2004, 2005, and 2006 in Ames, IA. 
Year Planting date Soil temperature at planting Harvesting date 
  °C  
2004 May 5 11.9  
 May 20 18.8  
 June 8 24.6 November 9 
2005 May 6 13.9  
 May 20 16.1  
 June 5 21.2 December 12 
2006 May 10 13.3  
 May 23 15.9  
 June 7 22.6 November 20 
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Table 3.2. Stem yield, core:bast ratio, stem height, and half-height diameter (mean ± 
S.E.) of kenaf planted with 0 and 168 kg ha-1 N at 18.5, 27.8, and 37.1 seed m-2 in 20-, 
38-, and 76-cm rows, and seeded in early May, end of May, and early June. 
Treatments df Stem Yield † 
Stem 
Height ‡ 
Half-Height 
Diameter ‡ 
Core:Bast 
Ratio ‡ 
  Mg ha-1 cm mm  
Planting date    
    Early May  10.7a§ 256a 12.4a 1.92a 
    End of May  10.6a 216a 11.9b 1.86b 
    Early June  7.4b 227b 11.3c 1.71c 
Planting date      
    Early May      
        Row spacing, 
cm      
            20  13.0a 251 12.0b 1.92 
            38  10.0b 260 12.8a 1.92 
            76  9.0c 258 12.5ab 1.92 
    End of May      
            20  12.7a 246 10.7c 1.83 
            38  10.0b 251 12.3a 1.88 
            76  9.1c 257 12.7ab 1.86 
    End of June      
            20  8.9c 223 10.5c 1.65 
            38  7.6d 235 11.9b 1.75 
            76  5.8e 225 11.6b 1.72 
Planting date      
    Early May      
        Seeding rate, seed m-
2     
            18.5  10.7ab 258 13.3a 1.94 
            27.8  10.4b 254 12.3b 1.92 
            37.1  10.9ab 257 11.7cd 1.90 
    End of May      
            18.5  10.0b 258 12.8ab 1.88 
            27.8  11.4a 251 11.5d 1.84 
            37.1  10.3b 245 11.4de 1.85 
    Early June      
            18.5  7.2c 231 12.3bc 1.76 
            27.8  7.8c 228 11.0ef 1.68 
            37.1  7.3c 223 10.8f 1.68 
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Table 3.2. continued 
 
Row spacing, cm      
    20      
        Seeding rate, seed 
m-2     
            18.5  12.1a 251a 11.9cd 1.82b 
            27.8  11.4a 239bc 11.3d 1.82b 
            37.1  11.1a 231c 10.0e 1.75c 
    38      
            18.5  9.5b 251a 13.0ab 1.89a 
            27.8  9.4bc 248a 11.6d 1.81bc 
            37.1  8.7c 247a 12.3bc 1.84ab 
    76      
            18.5  6.4d 247ab 13.5a 1.86ab 
            27.8  8.8c 247a 11.7d 1.81bc 
            37.1  8.7c 246ab 11.7cd 1.83ab 
Nitrogen rate, kg ha-1 
N    
  
    0  9.2b 243 11.3 1.86a 
    168  9.9a 247 12.5 1.76b 
Planting date      
    Early May      
        Nitrogen rate, kg ha-1 N    
            0  9.8c 252 11.6 1.95 
            168  11.5a 261 13.2 1.89 
    End of May      
            0  10.3bc 252 11.4 1.90 
            168  10.8ab 251 12.4 1.81 
    Early June      
            0  7.3d 226 10.8 1.73 
            168  7.5d 229 11.9 1.68 
Seeding rate, seed m-2      
    18.5      
        Nitrogen rate, kg ha-1 N    
            0  9.0 251a 12.2 1.90 
            168  9.6 248a 13.5 1.82 
    27.8      
            0  9.3 240b 11.0 1.54 
            168  10.4 249a 12.2 1.78 
    37.1      
            0  9.2 239ab 10.7 1.83 
            168  9.8 244b 11.9 1.78 
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Table 3.2. continued 
  ANOVA 
Source of variation      
Planting date (P) 2 *** *** *** *** 
Row spacing (R) 2 *** * *** ** 
P × R 4 * NS *** NS 
Seeding rate (S) 2 * ** *** *** 
P × S 4 * NS *** NS 
R × S 4 *** * *** ** 
P × R × S 8 NS NS NS NS 
Nitrogen (N) 1 *** NS NS *** 
P × N 2 ** NS NS NS 
R × N 2 NS NS NS NS 
P × R × N 4 NS NS NS NS 
S × N 2 NS * NS NS 
P × S × N 4 NS NS NS NS 
R × S × N 4 NS NS NS NS 
P × R × S × N 8 NS NS NS NS 
*, **, *** Significant at the 0.05, 0.01, 0.001 probability levels, respectively. NS, 
nonsignificant. 
† Measured in and averaged over 2004, 2005, and 2006. 
‡ Measured in and averaged over 2004 and 2005. 
§ Different letters denote significant differences between treatments (P < 0.05). 
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Table 3.3. Correlation coefficients of variables measured on kenaf, when grown in 2004, 
2005, and 2006 (dry stem yield and seeding rate), or when grown in 2004 and 2005 (rest 
of parameters). 
  1 2 3 4 5 6 7 8 9 10 
1 Dry Stem Yield           
2 Plant Density 0.39 **          
3 Stem Height 0.33 ** 
-
0.25 
** 
        
4 Half Stem Diameter 
0.06 
NS 
-
0.56 
** 
0.64 
**        
5 Core:Bast Ratio 
0.13 
** 
-
0.33 
** 
-
0.06 
NS 
-
0.11 
** 
      
Bast:           
6 Cellulose 0.05 NS 
0.43 
** 
0.11 
** 
-
0.09 
* 
-
0.59 
** 
     
7 Hemicellulose 
-
0.04 
NS 
-
0.13 
** 
-
0.30 
** 
-
0.25 
** 
0.54 
** 
-
0.27 
** 
    
8 Lignin 
-
0.19 
** 
-
0.26 
** 
0.05 
NS 
0.38 
** 
-
0.23 
** 
-
0.05 
NS 
-
0.29 
** 
   
Core:           
9 Cellulose 0.06 NS 
0.12 
** 
0.45 
** 
0.44 
** 
-
0.75 
** 
0.58 
** 
-
0.62 
** 
0.25 
**   
10 Hemicellulose 0.03 NS 
-
0.22 
** 
0.54 
** 
0.66 
** 
-
0.36 
** 
0.15 
** 
-
0.39 
** 
0.30 
** 
0.57 
**  
11 Lignin 
-
0.12 
** 
0.05 
NS 
0.17 
** 
0.35 
** 
-
0.66 
** 
0.39 
** 
-
0.54 
** 
0.46 
** 
0.70 
** 
0.52 
** 
*, ** Significant at the 0.05 and 0.01 probability levels, respectively. NS, nonsignificant. 
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Table 3.4. Lignocellulose concentration (mean ± S.E.) in the bast and in the core of kenaf 
planted with 0 and 168 kg ha-1 N at 18.5, 27.8, and 37.1 seed m-2 in 20-, 38-, and 76-cm 
rows, and seeded in early May, end of May, and early June, averaged over 2004 and 
2005. 
Treatments df Bast Core Cellulose Hemicellulose Lignin Cellulose Hemicellulose Lignin 
  -------------------------------------- g kg-1 DM  --------------------------------------    
Planting date        
    Early May  590c† 161 51b 516ab 213a 85b 
    End of May  596b 160 51b 514b 212ab 85b 
    Early June  606a 160 54a 521a 208b 88a 
Row spacing, 
cm 
       
    20  602a 159b 50b 519 208b 86 
    38  594b 160ab 54a 516 213a 86 
    76  596b 161a 53a 516 212a 85 
Planting date        
    Early May        
        Row 
spacing, cm 
       
            20  589d 159 50 515ab 212 85 
            38  589d 161 52 518ab 214 85 
            76  592d 162 51 516ab 213 84 
    End of May        
            20  602ab 160 48 514ab 208 85 
            38  592d 160 53 515ab 214 86 
            76  594cd 160 53 514b 212 85 
    End of June        
            20  613a 159 51 527a 204 89 
            38  599bc 161 56 515ab 210 88 
            76  601bc 160 55 520ab 211 88 
Row spacing, 
cm     
   
    20        
        Seeding rate, seed m-2      
            18.5  594c 159 52c 515 211abc 86ab 
            27.8  601bc 160 50d 519 208cd 86ab 
            37.1  610a 159 48d 522 205d 87ab 
    38        
            18.5  590c 162 53bc 514 213ab 85ab 
            27.8  603b 160 53bc 519 210bc 86ab 
            37.1  587cd 160 56a 515 215a 87a 
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Table 3.4. continued 
    76        
            18.5  583d 161 55ab 515 215a 87ab 
            27.8  601b 160 53bc 520 211bc 85ab 
            37.1  602b 160 52c 515 211bc 85b 
Nitrogen rate, kg ha-1 N      
    0  593b 160b 51b 506b 208b 84b 
    168  601a 161a 53a 529a 214a 88a 
Planting date        
    Early May        
       Nitrogen rate, kg ha-1 N      
            0  588 160 50 506 210c 83c 
            168  593 161 52 527 217a 86b 
    End of May        
            0  593 159 50 502 210c 82c 
            168  599 161 52 526 214ab 88ab 
    Early June        
            0  598 159 52 509 204d 86b 
            168  611 161 56 532 213bc 90a 
 ANOVA 
Source of 
variation     
   
Planting date (P) 2 *** NS *** ** *** *** 
Row spacing (R) 2 *** * *** NS *** NS 
P × R 4 * NS NS * NS NS 
Seeding rate (S) 2 *** NS NS NS ** NS 
P × S 4 NS NS NS NS NS NS 
R × S 4 *** NS ** NS * * 
P × R × S 8 ** NS NS NS NS NS 
Nitrogen Rate 
(N) 1 *** *** *** *** *** *** 
P × N 2 NS NS NS NS * NS 
R × N 2 NS NS NS NS NS NS 
P × R × N 4 NS NS NS NS NS NS 
S × N 2 NS NS NS NS NS NS 
P × S × N 4 NS NS NS NS NS NS 
R × S × N 4 NS NS NS NS NS NS 
P × R × S × N 8 NS NS NS NS NS NS 
*, **, *** Significant at the 0.05, 0.01, 0.001 probability levels, respectively. NS, 
nonsignificant.  
† Different letters denote significant differences between treatments (P < 0.05). 
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Figure 3.1. Mean monthly air temperature (°C) and monthly cumulative precipitation 
(mm) over 2004 – 2006 (ISU Ag Climate, 2014). The 30-year long-term period 
corresponds to 1974-2004. 
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Figure 3.2. Plant density (mean ± S.E.) of kenaf planted at 18.5, 27.8, and 37.1 seed m-2 
in rows spaced by 20, 38, and 76 cm, and seeded in early May, end of May, and early 
June in 2004 and 2005, across N rates and years.  
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Figure 3.3. Cellulose concentration (mean ± S.E.) in bast a and core b of kenaf planted at 
18.5, 27.8, and 37.1 seed m-2 in rows spaced by 20, 38, and 76 cm, and seeded in early 
May, end of May, and early June in 2004 and 2005, across N rates and years. Note that 
the y-axis scale does not start at 0. 
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CHAPTER IV 
BEST AGRICULTURAL PRACTICES FOR GROWING KENAF IN IOWA 
 
A manuscript to be submitted to Crop Science Journal 
Marie Bourguignon1*, Kenneth J. Moore1, Danielle M. Wilson1, Andrew W. Lenssen1, 
Brian S. Baldwin2 
 
Abstract 
 
The demand for natural fibers is increasing worldwide as markets respond to the 
need to replace non-renewable sources. Kenaf (Hibiscus cannabinus L.) is a promising 
biorenewable resource for producing natural fibers. Literature is abundant about effects 
of management practices on kenaf productivity and fiber yield, but few studies have 
investigated the crop when grown at latitudes above 40° and in the Midwest. The 
objectives of this study were to: 1) determine the agricultural practices (row spacing, 
seed, and N rates) leading to optimal kenaf and fiber yield in kenaf cultivars Tainung 2 
and Whitten; 2) evaluate stem height, basal diameter, and leaf area index (LAI) over the 
growing season; and 3) assess the influence of the management practices on fiber (bast 
and core lignocellulose) composition, carbon (C), N, and total ash concentration. For the 
purpose of this work, Tainung 2 and Whitten were planted in Boone County, IA in 2014 
and 2015 at 247,000 or 371,000 seed ha-1, in 38-cm or 76-cm rows, received 0, 56, 112, 
168, or 224 kg ha-1 N. All treatments were in factorial combinations.  
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Stem dry matter (DM) yield, core and bast ratio, lignocellulose concentration, 
total ash, and C and N ratio were determined at the harvest, and stem height, basal 
diameter, and LAI were measured during the growing season of each year. The most 
striking result was that N did not benefit stem DM yield, regardless to how much N was 
applied. But, we found that N effects were often observed for cell wall composition and 
ash concentration, and that the implications of these observations were directly related to 
kenaf end-use products. Moreover, we demonstrated that Tainung 2 and Whitten could 
respond differently, depending on the agricultural practices used. Overall, this study 
brought new evidence that kenaf could be grown in Iowa, and that it is a promising multi-
purpose crop that could contribute to diversifying the landscape, as well as the natural 
fiber market. 
 
 
 
 
 
 
 
 
Abbreviations 
ADF - acid detergent fiber; ADL - acid detergent lignin; C - carbon; DAP - day after 
planting; DI - deionized water; DM - dry matter; DOY - day of year; LAI - leaf area 
index; N - nitrogen; NDF - neutral detergent fiber. 
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Introduction 
 
Natural fibers have recently received great attention for biobased composites 
production, because they are renewable, environmentally friendly resources that represent 
alternatives to petroleum-based products. There are about 6,000 items made of petroleum 
that are used every day (Gironi and Piemonte, 2011). The production of these objects 
requires high energy demand and results in important environmental and health issues. 
Reducing the amount of non-biodegradable plastics in the environment, maintaining an 
appropriate landfill space, decreasing gas emissions due to incinerations, avoiding 
dependence on petroleum, a resource that is finite, are some of the multiple reasons that 
compel our society to turn to biorenewable and cleaner resources (Mohanty et al., 2005).  
Agriculture is one way to obtain these resources, either via agricultural residues or 
via dedicated energy crops (Brown and Brown, 2014). Traditional synthetic fibers can be 
substituted by lignocellulosic fibers from plants, such as flax (Linum usitatissimum L.), 
hemp (Cannabis sativa L.), sisal (Agave sisalana P.), jute (Corchorus olitorius L.), or 
kenaf (Hibiscus cannabinus L.). It has been shown that natural fibers can compare 
favorably glass fibers and can be promising replacements in the near future (Wambua et 
al., 2003). Kenaf shows promising potential to the Midwest, especially to Iowa. 
Kenaf is an annual, dicot, herbaceous crop, originally from Africa (Cheng et al., 
2004), and mostly grown in India and China (44% and 29%, respectively of world kenaf 
production; I.N.F.O., 2016). The bast fibers, located in the outer layer of the kenaf stem, 
tends to be the most used portion of the plant for the industrial production of paper, pulp, 
textile, and rope, because the bast contains long fibers similar to jute fibers (Bel-Berger et 
al., 1999). The core, the inner part of the stem, has often been considered a byproduct by 
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industry; however, the core has the potential to be used other ways, such as for absorbent 
material applications, because of its short and porous fibers (Monti and Alexopoulou, 
2013). Bast and core can be used separately or together in the production of bioplastics, 
biocomposites, or biofuels (Saba et al., 2015a; Saba et al., 2015b) and contribute to 
global sustainability, because the whole aboveground part of the plant can be used 
entirely.  
Kenaf has been produced in the U.S. and it is not a new crop. Kenaf was 
introduced in the U.S. during the Second World War to produce cordage (Dempsey, 
1975), but has received little attention since. It is still grown in the U.S.; mostly in the 
Southern states, such as Georgia, Texas, Mississippi, and New-Mexico (Webber et al., 
2002). Even though kenaf is produced in the U.S., we have not fully taken advantage of 
its profitability. Indeed, it has been estimated that growing kenaf in the U.S. costs $293 
per acre and results in a revenue of $396 per acre, which presents a $103 per acre profit 
(Bazen et al., 2006). Despite its economic advantage, kenaf has not been accepted in the 
U.S. and one of the reasons is that its optimal productivity has not been fully studied yet. 
Some research has been done to develop optimal management practices for kenaf 
yield, but these studies were located in a few U.S. states. Studies have focused on 
management practices, such as planting time, row spacing, population density, 
fertilization, irrigation, or crop rotation practices in Florida (Joyner and Wilson, 1967),  
Nebraska (Williams, 1966),  California (Bhangoo et al., 1986),  Mississippi (Baldwin and 
Graham, 2006),  Maryland (Campbell and White, 1982; Massey, 1974),  New-Mexico 
(Lauriault and Puppala, 2009), and  North Carolina (Jordan et al., 2005). Numerous 
studies on kenaf management are occurring outside of the U.S.,i.e., Spain (Manzanares et 
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al., 1997; Moreno et al., 2004; Wood et al., 1983), in Italy (Mambelli and Grandi, 1995), 
Greece (Alexopoulou et al., 2000; Alexopoulou et al., 2009; Danalatos and Archontoulis, 
2010), and Australia (Carberry et al., 1992; Muchow and Carberry, 1993).  
Kenaf has a great potential to be a resource for agriculture development; however, 
much of the research has not been focusing on producing kenaf and bast fibers in the 
Great Plains and the Midwest. Only Berti et al. (2013)  showed that kenaf can produce 
yields of 10 Mg ha-1 when grown in North Dakota and estimate that it could be used to 
produce 1,400 L ha-1 of biofuel. Also, planting kenaf at 10,000 to 32,000 seed ha-1 in 30-
cm rows was the best recommendation for growing kenaf in North Dakota (Berti et al., 
2013). However, this research employed the variety ‘Dowling’, which was not the 
highest performing cultivar, based on the results found in Bourguignon et al. (2016a). In 
fact, ‘Tainung 2’ and ‘Whitten’ were the most promising varieties when grown in Iowa. 
Therefore, the recommendations provided by Berti et al. (2013) may result in different 
outcomes when other cultivars are used, as highlighted in Alexopoulou et al. (2000) and 
White et al. (1971). Another study was conducted in Iowa from 2004 to 2007, which 
investigated the influence of three row spacings, three seeding rates, three planting dates, 
and absence or presence of N fertilization (Bourguignon et al., 2016b). Results of this 
study increased our knowledge about how to grow kenaf in Iowa; however, there were 
still some gaps that were not fully addressed. 
First, in Bourguignon et al. (2016b), the N treatments only included absence or 
presence of N fertilization (0 or 168 kg ha-1 N). Other investigations in the U.S. have 
reported kenaf responses to N fertilization, where some were in agreement of adding N 
(Adamson et al., 1979; Anfinrud et al., 2013; White and Higgins, 1964), and others were 
132 
 
 
 
 
less inclined to fertilize kenaf (Danalatos and Archontoulis, 2010; Massey, 1974; 
Webber, 1996). Investigations specifically conducted in Iowa and the Midwest have not 
addressed optimal N fertilization. 
Another limitation to Bourguignon et al. (2016b) was the use of a single variety, 
Tainung 2. This cultivar has been shown to be promising in Iowa (Bourguignon et al., 
2016a) and it is one of the most commercialized cultivars in the world; however, 
‘Whitten’, a variety developed by Mississippi State University also showed potential in 
Iowa (Baldwin et al., 2006). In contrast to Tainung 2 that has deeply divided leaves, 
Whitten retains the juvenile leaf shape, common to most of the kenaf varieties. This 
shape is undivided and does not resemble marijuana (Cannabis sativa L.), avoiding 
confusion and potential trouble with law enforcement officials. Whitten could have often 
advantages. It could also be more competitive with Tainung 2, as Baldwin et al. (2006) 
suggested that Whitten tends to have greater height and more resistance to powdery 
mildew than other cultivars. 
A third limitation to the older study was that stem height and diameter were only 
measured at the final harvest and, therefore, did not give any indication about plant 
growth over the growing season. It has been shown that plant height, harvested at a 
certain date after planting, was consistent and significantly higher than previous dates 
(Ogbonnaya et al., 1998; Webber and Bledsoe, 2002b), and was sensitive to management 
practices, when grown in Greece (Danalatos and Archontoulis, 2010). This information 
has not previously been studied in Iowa. 
Finally, although Bourguignon et al. (2016b) study the lignocellulose 
concentration in kenaf, the quantity of ash found in the dry bast and core material was not 
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investigated. Ash concentration has been shown to be important for feedstock conversion 
into biofuel, because the ash presence can lead to fouling, corrosion, and erosion 
problems in the conversion processes (Mohan et al., 2006). Also, Bourguignon et al. 
(2016b) did not evaluate C and N concentrations in kenaf samples. Carbon and N 
concentrations are typically related to forage characteristics, but it can also help 
understanding the C and N dynamics within the plant. 
In light of previous research, the first hypothesis was that the combination of row 
spacing and seeding rate would influence stem yield and that the more N applied, the 
better the crop would perform. It was also expected that core and bast production would 
be influenced by all treatments and would be variety-dependent. The objectives of this 
study then were to: 1) determine the agricultural practices (row spacing, seeding, and N 
rates) leading to optimal fiber yield at the end of season in both kenaf cultivars, Tainung 
2 and Whitten. Second, it was predicted that kenaf growth would be mostly influenced by 
the agricultural practices in the late summer and fall and, to address this hypothesis, our 
objective was to 2) evaluate stem height, basal diameter, and leaf area index (LAI) over 
the growing season. Third, it was hypothesized that lignocellulose composition and total 
ash concentration would be variety dependent; therefore, the last objective was to 3) 
assess the influence of the management practices on fiber (bast and core lignocellulose) 
composition, and C, N, and total ash quantity of end-of-season biomass.  
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Material and Methods 
 
Site, experiment, and local climate 
The study was conducted at the Iowa State University Agronomy and Agricultural 
Engineering Research Farm, near Boone, Iowa (42°01’ N, 93° 46’ W), on a Nicollet loam 
soil (fine-loamy, mixed, mesic Aquic Hapludoll). Soil samples were collected and pH 
and concentrations in N, P, and K were determined for each sample, before and after each 
growing season (Appendix B). The local air temperature and monthly cumulative 
precipitation were collected by a weather station [A130209] located at the Agricultural 
Research Farm (ISU Ag Climate, 2014), approximately 3 km from the research site 
(Appendix B). Soil samples were collected and analyzed (Appendix C). 
The experimental design was a split-block with four blocks, repeated in 2014 and 
2015. Kenaf variety (‘Tainung 2’, ‘Whitten’), seeding rate (247,000 and 371,000 seed ha-
1), row spacing (38-cm and 76-cm rows) were the whole plot treatments and were in 
factorial combination, and 5 N fertilization rates (0, 56, 112, 168, 224 kg ha-1 N) were 
applied in perpendicular strips to the other treatments, across each block. The different N 
fertilized strips in combination with two varieties, two seeding rates, and two row 
spacings corresponded to the subplots (n = 160). The cultivars Tainung 2, originally from 
Taiwan, and Whitten, developed at Mississippi State University (Baldwin, 2006) were 
seeded at a depth of 2.5 cm in 2.7 m × 6 m plots on 10 June 2014 and 2 June 2015, when 
the top 10-cm soil temperature reached 15.6°C, and were evaluated for kenaf yield and 
morphology characteristics. A light tillage and formulated pendimethalin (N-(1-
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ethylpropyl)-3,4-dimethyl-2, 6-dinitrobenzenamine)was applied at 2.3 L ha-1 to prevent 
weed growth were applied prior planting. 
 
Data collection 
Kenaf was harvested only once each year, after the first frost occurred. Two 3-
meter rows were harvested by hand in each plot, respectively, on 12 November 2014 and 
24 November 2015. Stalk number and wet weight were determined in the field on these 
two rows during each harvest.  
A sample of 3 plants was collected and combined into one sample to represent 
each of the 160 plots. The 3 stalks were stripped and divided into bast and core for 
subsequent work. Samples were weighed, dried at 60°C until the moisture content was 
constant, and ground to 1-mm using a Thomas Wiley-Mill (Thomas Scientific, 
Swedesboro, NJ). Core and bast ratio was calculated using the dry bast and core weights. 
Using the dry matter content of the bast and core, we were able to determine the dry yield 
in each plot, based on the wet weight of the two 3-meter rows.  
Prior to final harvests, stem height and basal diameter were measured on 3 
individuals in each plot, every two weeks from sowing to harvesting. Height was 
determined from ground level to apex using a measuring tape and basal diameter was 
measured with a caliper at ground-level. The average of height and diameter over the 
three individuals was calculated and further analyzed. Also, LAI was measured with a 
LAI 2000 Plant Canopy Analyzer (PCA, Li-Cor, Lincoln, NE, USA) monthly or 
bimonthly, depending on the sun availability, until full canopy was reached.  
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Bast and core samples were subjected to sequential fiber analysis using a 
modified ANKOM procedure (Vogel et al., 1999; Wilson et al., 2016), in order to 
estimate the concentration of lignocellulose in the cell walls of kenaf. A single 0.50 g dry 
sample was sealed in a filter bag (F57, Ankom Technology) and used for the complete 
sequential fiber analysis, including the concentrations of neutral detergent fiber (NDF), 
acid detergent fiber (ADF), acid detergent lignin (ADL), and insoluble ash. The bag was 
first soaked in a neutral detergent solution containing sodium sulfite and alpha-amylase, a 
digestive enzyme. Multiple rinses in tap water, deionized water (DI water) and acetone 
were applied to the bag, before being dried and weighed. This first step allowed us to 
determine the NDF concentration of the sample.  
The same bag was refluxed in an acid detergent solution. A similar rinsing and 
drying protocol was applied on the bag and the residue remaining was used to calculate 
the ADF concentration. The difference between NDF and ADF concentration was used to 
calculate the hemicellulose concentration. Then, the sample was hydrolyzed with 72% 
sulfuric acid for 3 hours, rinsed to remove cellulose, and weighed to determine the ADL 
concentration. Finally, the remaining part of the bag, containing insoluble ash, was 
combusted at 525°C in a muffle furnace until carbon free and weighed. These steps were 
used to give an estimation of hemicellulose, cellulose, and lignin concentration. 
Total ash was also determined on the samples collected in 2014 and 2015 by 
weighing 1 g of ground dry biomass and by using the same protocol used for the 
insoluble ash. Nitrogen and C concentration was assessed. Using acetanilide as standard, 
a mixture of 3 to 5 mg sub-sample and tungsten trioxide was placed in Elemental 
Analyzer (Vario MICRO cube, Elementar) to determine the concentration of N and C. 
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All chemical measurements and yields were made on a dry matter (DM) basis and for this 
purpose, the dry matter of each bast and core sample (n = 320) was determined by 
weighing 1 g of ground material before and after being dried at 105°C overnight. 
 
Statistical analysis 
The experimental was designed as a split-block with four replications and was 
analyzed by an analysis of variance to evaluate the agricultural practices effects on stem 
dry matter (DM), yield and fiber quality and quantity variables. Proc GLM in SAS 
System (SAS Institute Inc., Cary, NC) was used to perform all statistical analyses. Year 
and blocks were random variables, with block nested in year, and all other parameters 
were fixed variables. Lignocellulose concentration, carbon and nitrogen ratio, and ash 
concentration were analyzed separately for bast and core, because these fibers were not 
independent. Biweekly stem height, basal diameter, and LAI were analyzed using day 
after planting (DAP) as a quantitative and continuous variable. Correlations between 
measured variables were also investigated and an alpha level of P < 0.05 was used in all 
analyses to evaluate the significance of treatment effects or correlations.  
 
Results and Discussion 
 
Agricultural practices leading to optimal kenaf and fiber yield 
The first objective of this study was to determine the agricultural practices leading 
to optimal kenaf and fiber yield at the end of season in both cultivars, Tainung 2 and 
Whitten. It was expected to observe a significant effect of row spacing, seeding rate, and 
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variety on biomass yield (stem only). Also, it was suspected that the more N applied, the 
better the crop would perform and that core and bast production would be influenced by 
all treatments and would be variety-dependent. 
 
Biomass DM yield and plant density  
The first experiment compared the influence of seeding rate, row spacing, variety, 
and N fertilizer rate on kenaf end-of-season biomass DM yield, which included only 
stems, and plant density in 2014 and 2015. When averaged over the two years of study, 
DM yield was only influenced by variety, while no other main effects or interactions 
were observed (Table 4.1). Averaged over years, Tainung 2 yielded 10.1 Mg ha-1, 
whereas Whitten reached a yield of 9.5 Mg ha-1. Tainung 2 has received a lot of attention 
in the U.S., because of its high performance. It was previously found that Tainung 2 
reached 18% higher yields than Whitten (Bourguignon et al., 2016a). However, our study 
demonstrated that Tainung 2 only surpassed Whitten by 6%. Nevertheless, Tainung 2 was 
the best variety for Iowa, with respect to DM yield. 
Overall, biomass yields measured in this study were similar and competitive to 
those of Bourguignon et al. (2016b) and to Berti et al. (2013), which showed biomass 
yields of approximately 10 Mg ha-1. But these yields were less than 13.8 Mg ha-1, which 
was found in Oklahoma when Tainung 2 was planted at 250,000 seed ha-1 in 76-cm rows 
(Webber, 1993; Williams, 1966). In another study, Tainung 2 presented respective yields 
of 15.6, 13.8, 7.5 Mg ha-1 in Mississippi, Oklahoma, and Missouri, averaging 10.6 Mg ha-
1 over the three locations (Ching et al., 1992). This latter study showed that the higher the 
latitude, the lower the yield, which would explain why we observed lower yields in Iowa.  
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Previous investigations have suggested that growing kenaf in narrow rows and at 
high seeding rate resulted in greatest yields (Baldwin and Graham, 2006; Webber and 
Bledsoe, 2002a) and that under 185,000 plants ha-1, stem yields were reduced, because 
more branching was observed (Higgins and White, 1970). Contrary to the study 
conducted in Iowa from 2004 to 2006, the DM yields of kenaf grown in 2014 and 2015 
were not sensitive to row spacing, or to seed density. This demonstrates how 
environmental conditions and local climate could potentially influence kenaf productivity 
and that there must be a significant genotype × environment impact on DM yield. 
Other studies have demonstrated the importance of applying N to kenaf to 
increase DM yield (Adamson et al., 1979; Anfinrud et al., 2013; Bhangoo et al., 1986; 
Webber, 1996; White and Higgins, 1964). However, similarly to this study, some reports 
showed no benefits in applying N fertilization (Danalatos and Archontoulis, 2010; 
Manzanares et al., 1997; Massey, 1974; Patanè and Cosentino, 2013; Webber, 1996). 
Interestingly, when kenaf was grown at the same site 10 years earlier, adding 168 kg ha-1 
N increased stem DM yield by 15%, but only when kenaf was planted in early May 
(Bourguignon et al., 2016b). No N effect was observed when kenaf was sowed in late 
May or in early June. As the 2014 and 2015 growing season started when kenaf was 
sowed in early June, this could explain why no N rate effect was found.  
Kenaf plant density was greatly affected by N fertilization, as presented in Table 
4.1. The greatest plant densities were achieved when 56 and 112 kg ha-1 N were applied 
(214,168 and 202,193 plant ha-1). Because plant density typically reflects seed emergence 
and plant survival, applying 56 and 112 kg ha-1 N at sowing probably helped with this 
process. Surprisingly, adding 168 kg ha-1 N showed no improvement compared to the 
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control (0 kg ha-1 N), and this result was also found in Bourguignon et al. (2016b). Also, 
adding 224 kg ha-1 N decreased plant density since the results indicated that not applying 
N was 10% better than applying 224 kg ha-1 N. A very similar trend was observed for 
‘Tainung 1’ and ‘Everglades 41’ in Oklahoma, with respect to N fertilization effect on 
plant density (Webber, 1996).  
Besides N fertilization, plant density was found to be significantly influenced by 
the interaction of variety × seeding rate × row spacing. There was an obvious difference 
between seeding rates, because one of the two seeding rate treatments received 33% more 
seeds than the other. Greater plant densities were observed when Tainung 2 was planted 
at 371,000 seed ha-1 in 76-cm rows and when Whitten was seeded at 371,000 seed ha-1 in 
38-cm (Figure 4.1-A).  
 
Fiber yield  
Kenaf is mainly cultivated for its bast fiber, located on the outer part of the stem, 
because the bast is the fiber layer that has the most economic importance. The inner part 
of the stem contains core fiber, which may have some potential for biofuel (Bourguignon 
et al., 2016a) or for manufacturing biocomposite (Saba et al., 2015a). The core:bast ratio 
can be directly linked to the partitioning of bast and core in the plant. When the core:bast 
ratio increased, it can be interpreted by an increasing amount of core produced for the 
same amount of bast produced, or a decreasing amount of bast produced for a fixed 
quantity of core produced. 
In our study, the kenaf core:bast ratio was sensitive to the interaction of variety × 
seeding rate × N rate treatments (Table 4.1, Figure 4.1-B), which has never been reported 
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before. When kenaf was planted at 247,000 seed ha-1, Whitten tended to contain a 11% 
greater core:bast ratio (and therefore produced 11% more core for a fixed amount of bast) 
than Tainung 2, but only at the highest N rate applied. For the other N rates, there was no 
significant difference between the two varieties. When comparing the response of N rates 
on Tainung 2, the core:bast ratio was significantly greater when 112 kg ha-1 N was 
applied than when 224 kg ha-1 N was used (+10%, Figure 4.1-B). When kenaf was 
planted at 371,000 seed ha-1, Tainung 2 produced 13% more core when N was applied at 
58 kg ha-1 than Whitten grown with the same amount of N. For the other N rates, Whitten 
usually responded more positively than Tainung 2.  
It has been reported before that planting kenaf in narrow rows and high plant 
populations resulted in a greater bast percentage (Wilson and Joyner, 1969), probably 
because the stalk diameter was smaller. The core:bast ratios of kenaf planted in 35.5-cm 
and 71.0-cm rows were 1.82 and 1.78, respectively (Baldwin and Graham, 2006), which 
was relatively different than the results found in Iowa. The range of core:bast ratio of this 
older study was similar to that of Iowa, where the core:bast ratio varied from 1.6 to 1.9; 
however, no row spacing effect was observed for this measurement.  
Similarly to Baldwin and Grahams (2006), the core:bast ratio was variety-
dependent, since Tainung 2 tended to have a greater core:bast ratio than Whitten. This 
highlighted that Whitten could be more promising than Tainung 2 for bast fiber 
production. Few other studies have focused on Whitten’s core and bast partitioning in 
response to management practices. Bourguignon et al. (2016c) investigated the core:bast 
ratio of Tainung 2 and Whitten over time and showed that Whitten had a greater core:bast 
ratio than Tainung 2 during the growing season. However, the current study shows that 
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Whitten had a lower core:bast ratio than Tainung 2 at the end of the growing season. 
Overall, the hypothesis stating that core and bast ratio would be mostly dependent on 
variety was not fully confirmed, because a significant interaction between variety × 
seeding rate × N rate was observed. The core:bast ratio varied, depending on the 
combination of these three parameters. 
 
Kenaf height, diameter, and LAI change with time and the influence of the 
management practices  
 
The second objective of this study was to evaluate stem height, basal diameter, 
and LAI over the growing season (in season and end of season). It was predicted that 
kenaf growth would be influenced by the agricultural practices in the summer and fall.  
 
In-season changes 
Morphology measurements were made every two weeks, from planting to harvest, 
and the response to multiple management practices over time were evaluated. Nitrogen 
rate was the most important factor affecting kenaf growth, because it had a strong 
influence on height, diameter, and LAI in both years, except for the height in 2014 
(Appendix D). In 2015, all plots receiving N fertilization resulted in plants that were 
approximately 5% taller, regardless of N rate, than the plots that were not fertilized, and 
this was observed in mid-July (195 DOY; Figure 4.2-A). In general, kenaf grew very fast 
from 190 to 280 DOY, which was also different than what was observed by Danalatos 
and Archontoulis (2005). In their study, kenaf grew quickly between 190 and 220 DOY 
and reached a plateau at 300 DOY. This may be explained by the difference of latitude 
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and climate. Also, in their study, applying 50, 100, or 150 kg ha-1 N did not affect kenaf 
development, which was our case in 2014, but not in 2015.  
With respect to kenaf diameter, applying 168 or 224 kg ha-1 N often resulted in 
thicker diameter, especially in September and October 2014 (273 – 288 DOY; Figure 4.2-
A) and from mid-August 2015 to the end of the growing season (225 DOY). Few studies 
have followed kenaf diameter throughout a growing season. Hossain et al. (2010) did 
measure stem diameter every 7 days, but they averaged their results over the replications 
of their study for all dates. Therefore, it was not possible to observe the height and 
diameter trend over the growing season. The current study did not confirm what 
Danalatos and Archontoulis (2005) found, which demonstrated that fertilizing kenaf with 
different N rates did not lead to different stem diameters.  
Leaf area index has been a popular topic and it has been shown that LAI in kenaf 
could reach between 4 and 6 m2 m-2, when grown in Greece (Carberry and Muchow, 
1992). It was significantly enhanced when N was applied in Australia (Muchow, 1990), 
and applying 100 or 150 kg ha-1 N resulted in a 18% increase of LAI from 220 to 260 
DOY (Danalatos and Archontoulis, 2005). The results conducted in Iowa in 2014-2015 
confirmed these observations. LAI was also influenced by N fertilization and it was 
greater in both years when N rates higher than 112 kg ha-1 were applied, whereas LAI 
was the lowest when no N was applied (Appendix D; Figure 4.2-B). However, variations 
from year to year were observed, and this was related to the environmental resources 
available in each year (Appendix B).  
Looking at row spacing and seeding rate effects, the results showed that growing 
kenaf in 76-cm rows (Figure 4.3-A) and planted at 241,000 seeds ha-1 (Figure 4.3-B) 
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often led to taller stems with thicker diameters. The effect of row spacing was observed 
relatively late (296 DOY in 2015 for height, 231 DOY in 2014 and 279 DOY in 2015 for 
diameter; Figure 4.3-A). However, the influence of seeding rate was observed earlier and 
was more pronounced than the row spacing effect (254 DOY in 2015 for height, 231 
DOY in 2014 and 211 DOY in 2015 for diameter; Figure 4.3-B). It has been previously 
demonstrated that narrow rows and high seeding rates resulted in greater yield, but 
smaller and thinner stems (Bhangoo et al., 1986; White et al., 1971), which was 
supported by this work. In general, the less crowded the plants were, the taller and thicker 
they were, and this was observed in the second half of the growing season when 
individuals started to compete with each other for environmental resources. 
Contrary to stem height and basal diameter, LAI was the greatest when kenaf was 
planted in 38-cm rows, simply because more ground was covered by leaves and the 
canopy was denser than 76-cm rows (Figure 4.3-C). However, LAI in 2014, as well as 
stem height in 2015, was influenced by variety × seeding rate × row spacing interaction 
(Appendix D; Figures 4.4-A, -B). Leaf area index varied between 2 and 3.5 m2 m-2 in 
mid-August (224 DOY; Figure 4.4-A) and Tainung 2 was generally the variety that had 
greater LAI. Tainung 2 and Whitten are known to have drastically different leaf shape: 
Tainung 2 has a deeply divided leaf, and Whitten an the undivided leaf shape (Baldwin et 
al., 2006). This difference of shape, and potentially the leaf angle, may have played a role 
in the variation in LAI observed in the two varieties. Within varieties, low seeding rate 
and wide rows resulted in lower LAI than the high seeding rate and narrow rows. For 
Whitten, there was less variation between treatments than for Tainung 2.  
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In 2015 and with respect to stem height, Tainung 2 also in general produced taller 
stalks than Whitten, but growing Tainung 2 at 247,000 seed ha-1 in 76-cm rows was the 
best combination of treatments to reach the greatest stem height, which was observed 
from October 2015 to the final harvest (from 296 to 326 DOY; Figure 4.4-B). Bhangoo et 
al. (1986) did not find any significant interaction between row spacing, seeding rate, and 
cultivar for stem height and diameter, even though they studied all these parameters 
together. However, they conducted their analysis on the final height and diameter. Being 
able to study management practice effects on kenaf during the growing season was novel, 
in comparison to existing literature. 
 
End-of-season changes 
When looking specifically at the final harvest measurements, stem height was 
significantly influenced by the interaction of all treatments (Table 4.1). Kenaf height was 
2% greater when grown in 76-cm rows than in 38-cm rows, and 3% greater when the 
initial seeding rate was 247,000 seed ha-1 than 371,000 seed ha-1. No significant 
interactions of both treatments were observed. Therefore, potential recommendations 
would be to choose either management practice to improve the stem height, which was 
positively correlated to stem yield (r = 0.46, Appendix E). However, the seeding rate and 
row spacing effects on stem height were overall little. 
The results showed that stem height was also sensitive to the interaction of variety 
× N rates (Table 4.1, Figure 4.5-A), and Tainung 2 presented 3% taller stems than 
Whitten, when 112 kg ha-1 N was applied (Figure 4.5-A). However, when 224 kg ha-1 N 
was used, Whitten had 3% taller stems than Tainung 2. In the light of these results, 
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Whitten should be fertilized with 56, 168, 224 kg ha-1 N and Tainung 2 should receive 
56, 112, or 168 kg ha-1 N. Overall, no effect influenced stem height in an important way 
and, based on these results, no clear recommendations can be made to impact stem 
height. It is interesting to observe that stem height was sensitive to the treatments and 
that, with respect to N response, this observation was not necessarily reflected in stem 
yield.  
Considering the morphology of kenaf at harvest, the basal diameter was found to 
be influenced by the interaction of variety × row spacing × seeding rate, but also by N 
rate (Table 4.1). Tainung 2 had a smaller diameter when grown at 371,000 seed ha-1, 
compared to the other treatments (regardless of row spacing; Figure 4.5-B). Under the 
same seeding rate, Whitten had a smaller diameter when grown in 38-cm rows (1.8 cm, 
Figure 4.5-B). In general, the diameter of both varieties grown at 247,000 seed ha-1 was 
similar (approximately 2.2 cm, Figure 4.5-B). Again, this confirmed that, even at the last 
harvest, the more crowded the plants were, the thinner the stems were (Bhangoo et al., 
1986). Basal diameter was not correlated to stem yield, but it was negatively correlated to 
plant density (r = -0.43; Appendix E), also confirming that the greater plant density, the 
thinner the diameter. Finally, basal diameter was not correlated to core and bast ratio, 
contrary to what Bourguignon et al. (2016b) found. However, in this previous study, the 
half-height diameter was measured, whereas in this study, the basal diameter was 
determined. 
The results investigating the effect of N rate on basal diameter showed that the 
greatest diameters were reached when 168 and 224 kg ha-1 N were applied (Table 4.1), 
which supported what Houssain et al. (2010) found, but was different from Webber III 
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(1996). Surprisingly, in Bourguignon et al. (2016b), diameters were not impacted by N 
rates. But this could be once again explained by the fact that the authors used the half-
height diameter, instead of the basal diameter. 
 
Agricultural practices impacting the fiber composition of kenaf 
The third objective of this study was to assess the influence of the management 
practices on fiber (bast and core lignocellulose) composition, and C, N, and total ash 
quantity of end-of-season biomass. It was hypothesized that lignocellulose composition 
and total ash concentration would be mainly variety-dependent.  
 
Lignocellulose concentration 
Cellulose, hemicellulose, and lignin were analyzed in bast and core of samples 
harvested in 2014 and 2015, using a modified ANKOM procedure (Vogel et al., 1999). 
Our study was one of the first to estimate cellulose concentration in response to row 
spacing, seeding rate, N rate, and variety, for each kenaf fiber tissue. The overall results 
showed that the lignocellulose concentration in both fibers was very different. For 
example, cellulose in the bast was not sensitive to the interaction of variety × N rate 
(Figure 4.6-A) and was between 535 to 550 g kg-1. In contrast, in the core, cellulose 
concentration was approximately 6% greater for Tainung 2 than for Whitten, but the 
difference between both cultivars was more important when no N was applied (510 g kg-1 
for Whitten, and 460 g kg-1 for Tainung 2, Figure 4.6-A). These results related to N 
treatment effects differed from Adamson et al. (1979), in which N fertilization had no 
effect on cellulose concentration. 
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The results also indicated that, in general, Whitten contained more cellulose in its 
core than Tainung 2, which means that producers may use Whitten instead of Tainung 2 
in order to produce kenaf for cellulose. Evidence that the bast and core responded 
differently to management practices, was the significant effect of row spacing on 
cellulose concentration, but only in the bast (Tables 4.2 and 4.3). In this portion, the 
concentration was slightly greater when kenaf was planted at 371,000 seed ha-1.  
Scarce research has detailed the lignocellulose proportion in kenaf, in response to 
management practices and variety. The reason is probably because kenaf has very 
recently been recognized as a promising and potential lignocellulosic feedstock for 
biofuel or bioenergy (Saba et al., 2015a). However, determination of cellulose 
concentration was also studied in the context of its use as source for paper and pulp, and 
natural fibers for biocomposites. Saba et al. (2015a) reported that cellulose concentration 
was 692 g kg-1 in the bast and 321 g kg-1 in the core, which was different than what was 
found in this study. These distinctions probably came from the fact that the protocol 
describe in Vogel et al. (1999) to determine cellulose concentration, was followed in the 
Iowa study. 
Cellulose in the bast, was negatively correlated to stem height and core:bast ratio 
(r = -0.48 and -0.31, respectively; Appendix E), whereas cellulose in the core was 
negatively correlated to stem dry yield, stem height, core:bast ratio (r = -0.29, -0.69, -
0.48, respectively; Appendix E). This indicated that knowing stem height and core:bast 
ratio at harvest could be a useful tool to predict cellulose concentration in both bast and 
core. The correlation between cellulose and height has been observed before by Adamson 
and Bagdy (1975). In their study, monoethanolamine cellulose in the whole plant, 
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averaged over 47 kenaf breeding lines tested, was found to be positively correlated to 
plant height (r = 0.16). However, they did not take into account the different fiber tissues. 
In our study, hemicellulose concentration in the bast and in the core was sensitive 
to the interaction of variety × seeding rate × row spacing (Tables 4.2 and 4.3, Figure 4.6-
B), without a clear pattern, however. Hemicellulose concentration in the bast of Tainung 
2 tended to be slightly greater when kenaf was planted at 247,000 seed ha-1 in 76-cm 
rows or at 371,000 seed ha-1 in 38-cm rows, compared to the other combination of 
treatments (Figure 4.6-B). In the core, the visible difference between treatments was 
observed for Whitten planted at 371,000 seed ha-1 in 76-cm rows, which had slightly 
greater cellulose concentration than under the same seeding rate but using 38-cm rows 
(Figure 4.6-B). In the same tissue, hemicellulose concentration was 4% greater when 224 
kg ha-1 N was applied than when the other N rates were used (Table 4.3). This result was 
different than Bourguignon et al. (2016b), in which hemicellulose concentration in both 
bast and core was significantly influenced by N fertilization. 
Very few studies in the literature have evaluated hemicellulose concentration in a 
situation where management practices and variety were different. Saba et al. (2015a) 
reported hemicellulose concentration in the bast and in the core of 272 and 410 g kg-1, 
respectively, contrasting with the results obtained in this study. On average, 
hemicellulose in bast and core were found to be 135 and 185 g kg-1, respectively. This 
could be explained by a divergence of variety and methodology to analyze the 
lignocellulose concentrations. In this study, it was possible to evaluate genotype × 
management practices interaction. 
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Finally, the lignin concentration in the bast was not impacted by any of our 
treatments (Table 4.2), but the lignin concentration in the core was significantly 
influenced by seeding and N rate (Table 4.3). The core of kenaf planted at 247,000 seed 
ha-1 contained 3% less lignin than when grown at 371,000 seed ha-1 and using 112 or 224 
kg ha-1 N resulted in a 4% increase of lignin concentration, compared to the control. The 
effects of N fertilization on lignin concentration were similar to those reported by 
Adamson et al. (1979).  
Considering that the lignin determination followed Vogel et al. (1999) protocol, 
the concentrations were in fact, values for acid detergent lignin, as studied in Goff et al. 
(2012). As kenaf is closer in nature to woody materials than forage species described in 
Goff et al. (2012), roughly doubling the acid detergent lignin gives a good estimate of 
Klason lignin. Therefore, the results of this study fell just under 280 and 252.1 g kg-1 for 
bast and core, described in Saba et al. (2015a). Lignocellulosic concentration is critical to 
evaluate a crop’s potential for lignocellulosic feedstock. Kenaf was found to be 
competitive with other biomass feedstock such as switchgrass, corn stover, and loblolly 
pine (Kuzhiyil et al., 2012). 
 
Total ash, carbon, and nitrogen concentration 
Total ash concentration in biomass can be of importance when evaluating its 
potential for biofuel. The presence of ash, especially K, can cause slagging or fouling 
during the conversion processes (Fahmi et al., 2007). The ash concentration in the bast 
and core portion of the stem was sensitive to all treatments, except row spacing. In the 
bast, the ash concentration varied between 80 and 95 g kg-1, depending on seeding and N 
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rate (Table 4.2, Figure 4.7-A). In the core, the ash concentration varied between 30 and 
45 g kg-1, depending on variety, seeding, and N rate (Table 4.3, Figure 4.7-B). In the 
core, the more N applied, the lower the total ash concentration for both varieties with a 
few exceptions. For instance, when kenaf was planted at 247,000 seed ha-1 and received 
168 kg ha-1 N, both Tainung 2 and Whitten had a similar total ash concentration (about 
40 g kg-1, Figure 4.7-B).  
For both tissues, N rate had some influence on ash concentration, which was also 
reported in Anfinrud et al. (2013). However, the authors did not describe the interaction 
in details. A similar interaction was found to be significant in switchgrass (Panicum 
virgatum L.) and increasing N fertilization resulted in lower total ash concentration 
(Lemus et al., 2008), which was also observed with kenaf. Our study not only detected 
this interaction, but it also showed that row spacing and seeding rate also played an 
important role (Figure 4.7-B). The decrease in total ash concentration when N 
fertilization increased was a positive result, because it could mean that, even though N 
fertilization was not beneficial for stem yield, it could result in a cleaner biomass for 
feedstock purposes. 
Regardless of row spacing, seeding, and N rate, the results showed that there was 
a significant variety effect on total ash concentration in the bast. Whitten contained 6% 
more ash than Tainung 2 (Table 4.2). At harvest, ash concentration was previously found 
to be 76.2 g kg-1 in the whole plant (Anfinrud et al., 2013), which is lower than earlier in 
the growing season. When differentiated, bast and core of variety ‘V36’ of Malaysia 
contained 54 g kg-1 and 19 g kg-1 ash, respectively (Khalil et al., 2010), whereas bast and 
core of Tainung 2 in 2004/2005 studies were composed of 51 g kg-1 and 21 g kg-1, 
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respectively (Bourguignon et al., 2016a). These various studies provided evidence of a 
genetic influence on kenaf total ash concentration, which was also found in our study. 
Not only was total ash concentration different among fiber tissues, but differences among 
varieties were also observed. These results could impact kenaf end-use applications. 
Indeed, total ash presence has been reported to cause issues during biomass conversion, 
reducing the biomass heating value and ethanol production (Anderson et al., 2010; 
Demirbas, 2002), but also in the bio-composite application, as thermal stability of a 
composite decreases when ash concentration increases (Lee et al., 2009; Yang et al., 
2005). Tainung 2 would be a better variety to grow if producers wanted to grow kenaf for 
biofuel or biocomposite purpose, especially using the bast portion of kenaf. 
A unique aspect of this study was that bast and core samples harvested in 2014 
and 2015 were analyzed for C and N concentrations. Results are presented using C and N 
ratios, which showed sensitiveness to the treatments (Tables 4.2 and 4.3). Carbon and N 
ratios were 8% greater in the bast, when kenaf was grown in 38-cm rows than in 76-cm 
rows. They gradually decreased when N was gradually increased (Table 4.2). In the core, 
growing kenaf in 38-cm in 2014 resulted in a 17% increase of C:N ratio, compared to 76-
cm rows (Table 4.3). Similarly to the bast, the C:N ratio in the core gradually decreased 
with an increase of N fertilization. With respect to variety and seeding rate treatments, the 
results showed that the C:N ratio in the bast was 11% greater for Tainung 2 seeded at 
371,000 seed ha-1 than the other combinations of variety and seeding rate (Figure 4.8). 
These results indicate that management practices could influence kenaf composition, 
partitioning between bast and core, and uptake of C and N.  
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Conclusion 
 
This study has been a useful complement to previous work on kenaf grown in 
Iowa and mostly focused on varieties and N rate effects. Very often, genetics (variety) 
and management practices interacted to affect kenaf stem and fiber productivity, 
morphology, and composition. The most striking result was that N did not increase stem 
DM yield, regardless to how much N was applied. However, N rate did contribute to stem 
height and diameter during the growing season, as well as plant density at harvest. Also, 
N effects were often observed for cell wall composition and total ash concentration, and 
the implications of these observations were directly related to kenaf end-use products.  
Based on these results, various combinations of variety, row spacing, and seeding 
rate resulted in an increase or decrease in yield. In general, this study confirmed previous 
literature reports, stating that narrow rows and high seeding rates led to higher stem DM 
yield. However, it was demonstrated that Tainung 2 and Whitten could respond 
differently, depending on the agricultural practices used. 
Overall, this study provides new evidence that kenaf can be grown in Iowa, and 
could potentially be an alternative crop for Iowan producers. Kenaf has a promising 
potential, considering that it is a multi-purpose crop and that it could contribute to 
diversifying the landscape, as well as the natural fiber market and the local economy. 
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Tables 
 
Table 4.1. DM yield, plant density, core:bast ratio, stem height, and basal diameter 
(mean) influenced by management practices, when kenaf was grown at Boone, IA in 
2014 and 2015.  
  DM Yield 
 
Plant 
Density 
Core:Bast 
Ratio 
Stem 
Height 
Basal 
Diameter 
  Mg ha-1 plants ha-1  cm cm 
Variety       
    Tainung 2  10.1 (a)† 201,150 (a) 1.72 (b) 259 (a) 2.04 (a) 
    Whitten  9.5 (b) 192,916 (a) 1.78 (a) 258 (a) 2.06 (a) 
       
Row Spacing       
    38-cm  9.9 (a) 198,567 (a) 1.76 (a) 256 (b) 1.99 (b) 
    76-cm  9.7 (a) 195,000 (a) 1.74 (a) 261 (a) 2.11 (a) 
       
Seed Density       
    247,000 seed 
ha-1 
 9.6 (a) 166,276 (b) 1.75 (a) 262 (a) 2.12 (a) 
    371,000 seed 
ha-1 
 10.0 (a) 227,791 (a) 1.75 (a) 255 (b) 1.98 (b) 
       
Nitrogen Rate       
    0 kg ha-1 N  9.6 (ab) 199,671 (b) 1.75 (ab) 254 (b) 1.97 (c) 
    56 kg ha-1 N  9.8 (ab) 214,168 (a) 1.78 (a) 259 (a) 1.97 (c) 
    112 kg ha-1 N  10.4 (a) 202,193 
(ab) 
1.76 (ab) 260 (a) 2.05 (b) 
    168 kg ha-1 N  9.9 (ab) 190,118 
(bc) 
1.77 (a) 260 (a) 2.13 (a) 
    224 kg ha-1 N  9.4 (b) 179,017 (c) 1.69 (b) 260 (a) 2.13 (a) 
       
  ANOVA 
Source df      
Variety (V) 1 * NS ‡ ** NS NS 
Row Spacing (R) 1 NS NS NS ** *** 
V × R 1 NS NS NS NS NS 
Seed Density (S) 1 NS *** NS ** *** 
V × S 1 NS NS NS NS NS 
R × S 1 NS NS NS NS * 
V × R × S 1 NS ** NS NS ** 
Nitrogen Rate 
(N) 
4 NS *** NS NS *** 
V × N 4 NS NS NS * NS 
R × N 4 NS NS NS NS NS 
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Table 4.1. continued 
V × R × N 4 NS NS NS NS NS 
S × N 4 NS NS NS NS NS 
V × S × N 4 NS NS * NS NS 
R × S × N 4 NS NS NS NS NS 
V × R × S × N 4 NS NS NS NS NS 
*,**, *** Significant at the 0.05, 0.01, and 0.001 probability levels, respectively. NS, 
nonsignificant 
† Different letters denote significant differences between treatments (P > 0.05). 
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Table 4.2. Lignocellulose, total ash concentration, and C:N ratio (mean) in the bast, 
influenced by management practices, when kenaf was grown at Boone, IA in 2014 and 
2015.  
  Cellulose Hemicellulose Lignin Ash C:N Ratio† 
  g kg-1 DM† g kg-1 DM g kg-1 DM g kg-1 DM  
Variety       
Tainung 2  537 (a)‡ 134 (a) 55 (a) 82 (b) 59 (a) 
Whitten  541 (a) 133 (a) 55 (a) 87 (a) 53 (b) 
       
Row Spacing       
38-cm  540 (a) 134 (a) 55 (a) 83 (a) 58 (a) 
76-cm  538 (a) 134 (a) 55 (a) 86 (a) 54 (b) 
       
Seed Density       
247,000 seed ha-1  536 (b) 135 (a) 56 (a) 84 (a) 54 (a) 
371,000 seed ha-1  542 (a) 133 (b) 55 (a) 85 (a) 57 (a) 
       
Nitrogen Rate       
0 kg ha-1 N  543 (a) 134 (a) 55 (a) 88 (a) 78 (a) 
56 kg ha-1 N  543 (a) 133 (a) 56 (a) 85 (b) 70 (b) 
112 kg ha-1 N  542 (a) 134 (a) 56 (a) 82 (b) 54 (c) 
168 kg ha-1 N  536 (b) 133 (a) 55 (a) 84 (b) 42 (d) 
224 kg ha-1 N  531 (b) 134 (a) 54 (a) 83 (b) 36 (e) 
  ANOVA 
Source df      
Variety (V) 1 NS NS NS *** ** 
Row Spacing (R) 1 NS NS NS NS ** 
V × R 1 NS NS NS NS NS 
Seed Density (S) 1 * * NS NS NS 
V × S 1 NS NS NS NS * 
R × S 1 NS * NS NS NS 
V × R × S 1 NS * NS NS NS 
Nitrogen Rate (N) 4 *** NS NS ** *** 
V × N 4 NS NS NS NS NS 
R × N 4 NS NS NS NS NS 
V × R × N 4 NS NS NS NS NS 
S × N 4 NS NS NS * NS 
V × S × N 4 NS NS NS NS NS 
R × S × N 4 NS NS NS NS NS 
V × R × S × N 4 NS NS NS NS NS 
*,**, *** Significant at the 0.05, 0.01, and 0.001 probability levels, respectively.  
NS, nonsignificant (P > 0.05). 
† C:N, Carbon: Nitrogen; DM, dry matter. 
‡ Different letters denote significant differences between treatments. 
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Table 4.3. Lignocellulose, total ash concentration, and C:N ratio (mean) in the core, 
influenced by management practices, when kenaf was grown at Boone, IA in 2014 and 
2015.  
  Cellulose Hemicellulose Lignin Ash C:N Ratio† 
  g kg-1 DM† g kg-1 DM g kg-1 DM g kg-1 DM  
Variety       
Tainung 2  481 (b)‡ 188 (a) 96 (a) 40 (a) 92 (a) 
Whitten  509 (a) 189 (a) 95 (a) 37 (b) 92 (a) 
       
Row Spacing       
38-cm  496 (a) 188 (a) 95 (a) 39 (a) 100 (a) 
76-cm  495 (a) 189 (a) 96 (a) 39 (a) 83 (b) 
       
Seed Density       
247,000 seed ha-1  494 (a) 189 (a) 94 (b) 38 (a) 94 (a) 
371,000 seed ha-1  497 (a) 188 (a) 97 (a) 39 (a) 90 (b) 
       
Nitrogen Rate       
0 kg ha-1 N  490 (b) 188 (bc) 94 (c) 43 (a) 127 (a) 
56 kg ha-1 N  495 (ab) 184 (c) 95 (bc) 41 (b) 127 (a) 
112 kg ha-1 N  500 (a) 189 (b) 97 (ab) 37 (d) 90 (b) 
168 kg ha-1 N  495 (a) 187 (bc) 94 (c) 39 (c) 59 (c) 
224 kg ha-1 N  496 (a) 193 (a) 98 (a) 35 (d) 56 (c) 
  ANOVA 
Source df      
Variety (V) 1 *** NS ‡ NS *** NS 
Row Spacing (R) 1 NS NS NS NS * 
V × R 1 NS NS NS NS NS 
Seed Density (S) 1 NS NS * NS NS 
V × S 1 NS NS NS NS NS 
R × S 1 NS NS NS NS NS 
V × R × S 1 NS * NS NS NS 
Nitrogen Rate (N) 4 ** *** ** *** *** 
V × N 4 * NS NS NS NS 
R × N 4 NS NS NS NS NS 
V × R × N 4 NS NS NS NS NS 
S × N 4 NS NS NS NS NS 
V × S × N 4 NS NS NS * NS 
R × S × N 4 NS NS NS NS NS 
V × R × S × N 4 NS NS NS NS NS 
*,**, *** Significant at the 0.05, 0.01, and 0.001 probability levels, respectively. NS, 
nonsignificant (P > 0.05). 
† C:N, Carbon: Nitrogen; DM, dry matter. 
‡ Different letters denote significant differences between treatments. 
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Figure 4.1. Plant density (mean ± S.E.) influenced by variety × row spacing × and seed 
rate (A) and core:bast ratio (mean ± S.E.), influenced by variety × row spacing × and N 
rate (B), when Tainung 2 and Whitten plants were grown at Boone, IA, in 2014 and 2015. 
Different letters on top of the bars in panel A denote significant differences between 
variety × seed density × row spacing treatments. Note that the scale of the y-axis of panel 
B does not start at 0. 
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Figure 4.2. Stem height, basal diameter (mean ± S.E.; A), and LAI (mean ± S.E.; B) of 
kenaf plants that have received 5 different N rates, when grown in Boone, IA, in 2014 
and 2015. Values have been averaged over variety, seed density, and row spacing. 
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Figure 4.3. Stem height, basal diameter (mean ± S.E.) influenced by row spacing (A); 
stem height, basal diameter (mean ± S.E.) influenced by seed rate (B); and LAI (mean ± 
S.E.) influenced by row spacing (C) of kenaf when grown in Boone, IA, in 2014 and 
2015.  
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Figure 4.4. LAI (mean ± S.E. in 2014; A) and stem height (mean ± S.E. in 2015; B) of 
Tainung 2 and Whitten kenaf plants when grown at 247,000 and 371,000 seed ha-1 in 38-
cm and 76-cm rows in Boone, IA, averaged over N rates. 
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Figure 4.5. Stem height (mean ± S.E.), influenced by variety × N rate (A) and basal 
diameter (mean ± S.E.), sensitive to variety × row spacing × seed rate (B), when Tainung 
2 and Whitten plants were grown at Boone, IA in 2014 and 2015. Different letters in 
panel A denote significant differences between variety × N rate treatments (Tainung, 
bold; Whitten, standard), whereas different letters in panel B indicate significant 
differences between variety × row spacing × seed density treatments. Note that the scale 
of the y-axis of panel A does not start at 0.  
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Figure 4.6. Cellulose concentration (mean ± S.E.), influenced by variety × N rate (A) and 
hemicellulose concentration (mean ± S.E.), influenced by variety × row spacing × and 
seed rate (B) of bast and core, when Tainung 2 and Whitten plants were grown at Boone, 
IA in 2014 and 2015. Different letters in panel A denote significant differences between 
variety × N rate treatments (Tainung, bold; Whitten, standard), whereas different letters 
in panel B indicate significant differences between variety × row spacing × seed density 
treatments. Note that the scale of the y-axis of panel A does not start at 0. 
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Figure 4.7. Total ash concentration in bast and core (mean ± S.E.), influenced by seed × 
N rate (A) and ash concentration (mean ± S.E.), influenced by variety × seed × N rate of 
the core (B), when Tainung 2 and Whitten plants were grown at Boone, IA in 2014 and 
2015. Different letters in panel A denote significant differences between seed rate × N 
rate treatments (247,000 seed ha-1, bold; 371,000 seed ha-1, standard).  
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Figure 4.8. Carbon:Nitrogen ratio (mean ± S.E.) of Tainung 2 and Whitten plants, when 
grown at 247,000 and 371,000 seed ha-1 at Boone, IA in 2014 and 2015, averaged over 
row spacings and N rates. Different letters on top of the bars indicate significant 
differences between variety × seed density treatments, for bast and core, analyzed 
separately. 
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CHAPTER V 
KENAF PRODUCTIVITY AND MORPHOLOGY, WHEN GROWN IN IOWA AND 
IN KENTUCKY 
 
A manuscript published in Industrial Crops and Products 
Marie Bourguignon1*, Kenneth Moore1, Andrew Lenssen1, Sotirios Archontoulis1, Ben 
Goff2, Brian Baldwin3 
 
 
Abstract 
 
Kenaf (Hibiscus cannabinus L.), mostly produced in China and India, is grown to 
a limited extent in the U.S., although this natural fiber can be a promising alternative to 
synthetic fibers for reinforcing plastic or other composite materials, or fuel purposes. 
Producing kenaf in the Midwestern U.S. could provide a local source of this fiber for use 
in a number of manufactured products and potentially for use as a biofuel feedstock. The 
objectives of this study were to: 1) compare the productivity and the morphology of kenaf 
cultivars ‘Tainung 2’ and ‘Whitten’ when grown in Iowa and Kentucky and harvested 
after the first killing frost; 2) assess kenaf growth over the growing season; and 3) 
determine management (variety and seed density) effects on kenaf productivity and 
morphology. In 2014 and 2015, varieties ‘Tainung 2’ and ‘Whitten’ were grown at 
185,300 and 370,700 seed ha-1 in Iowa and in Kentucky.  
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Stem and leaf biomass, plant population, core:bast ratio, stem height and 
diameter, leaf area index (LAI), and nitrogen concentration were measured during 6 in-
season harvests and at the final harvest. Results showed that, ‘Tainung 2’ and ‘Whitten’ 
grown in Kentucky in 2014 yielded 24 and 19 Mg ha-1, respectively, whereas both 
cultivars reached a final yield of 8 Mg ha-1 in Iowa. However, in 2015, final yields were 
similar for both locations (12.6 Mg ha-1 on average). It was found that variety and seed 
density treatment effects were starting to be observed during the growing season, and 
that, when grown in Iowa, kenaf response to treatments was less variable over time than 
in Kentucky. With respect to fiber production, growing ‘Tainung 2’ in Kentucky 
produced plants with 16% more core fiber than in Iowa, but using that same variety in 
Iowa would result in higher bast production. Therefore, a producer in Kentucky could 
influence kenaf productivity by changing management practices and variety. Overall, 
kenaf production is very feasible in Kentucky and Iowa, but Kentucky has greater yield 
potential. 
 
 
 
 
 
 
Abbreviations 
C - carbon; DAP - day after planting; DM - dry matter; DOY - day of year; LAI - leaf 
area index; N - nitrogen. 
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Introduction 
 
Replacing petroleum-based materials with renewable materials is of critical 
importance for the transition from a petroleum-based economy to a renewable 
bioeconomy. The use of natural fibers derived from plants is one way to address the 
economic and environmental problems associated with the use of synthetics. It is crucial 
to find an alternative to petroleum-based plastics and composites, since they account for 
the greatest volume of products made by humans and since they persist in the 
environment long after their useful life. An example of a plant grown for fibers is kenaf 
(Hibiscus cannabinus L.), an annual, non-food fiber crop originally from Africa (Cheng 
et al., 2004). Kenaf is an efficient lignocellulosic crop that can reach a height of 4 to 6m 
and can yield 24 Mg ha-1 in 5 to 7 months with low inputs (Brown and Brown, 2014).  
The industrial attractiveness of kenaf lays in its anatomy. The kenaf stem is 
composed of an inner core (60-65% of kenaf stem volume) that contains short and porous 
fibers (0.6 mm-length and 33 μm-width on average), which make it attractive for 
absorbent material applications and thermal insulant tiles (K.E.F.I., 2011; Monti and 
Alexopoulou, 2013; Zaveri, 2004). The outer bast (35-45% of kenaf stem) is composed of 
long fibers (2.5 mm-length and 17 μm-width in average; Sellers and Reichert, 1999) that 
have been used in textile, paper pulp, and cordage industries (Bel-Berger et al., 1999). 
Other potential applications for bast and core are reinforcements in bioplastics and 
biocomposites, biofuel production, and other chemical end-use products (Aji et al., 2009; 
Inoue et al., 2007; Saba et al., 2015). Particularly, numerous studies have highlighted the 
competitiveness of kenaf bast fibers in the production of reinforced polymer products, 
using vacuum-assisted resin transfer molding (Xia et al., 2016a; Xia et al., 2015b). It has 
176 
 
 
 
 
also been pointed that a kenaf fiber/polyester composites can replace glass fiber in the 
automotive industry, when impregnated and treated for water resistance, and that 
mechanical properties are often dramatically enhanced (Xia et al., 2015a; Xia et al., 
2015c; Xia et al., 2016b).  
Kenaf was introduced in the U.S. during World War II as a source of bast fiber to 
make cordage to help meet war-time demand (Dempsey, 1975). At the height of U.S. 
production, much research was done on kenaf (Webber et al., 2002). There were 
approximately 10,000 ha of land cultivated with kenaf in 2000, mostly located in 
Mississippi, New-Mexico, Georgia and Texas, Southern states in general and none in the 
Midwestern states.  
Kenaf production in the U.S. is currently not able to compete economically with 
overseas production. Indeed, the total production of kenaf in the world was 352,000 Mg 
in 2010/2011 and in 2015, India and China, respectively, produced 44% and 29% of 
world kenaf production (I.N.F.O., 2016). Kenaf has received a lot of attention in Asia 
because kenaf production has been present there for many years, but interest in the U.S. 
has been increased until recently. There has been recognition that there is a need to 
increase the use of biofibers and add crop diversity in the landscape to promote soil 
health. Additionally, growing kenaf in the U.S. could contribute to agriculture and 
bioindustry diversity.  
Literature on kenaf growth and production in the U.S. Corn Belt is rare, however, 
kenaf could become well established as a specialty crop in the Midwest, especially in 
Iowa, if properly grown (Baldwin, 1996; Janick et al., 1996). Iowa crop production is 
mostly based on feed, food and fuel industries, but at this time, the fiber industry is not 
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important. About 70% of Iowa’s landscape is dominated with corn and soybean crops and 
several research studies have indicated the need to diversify crop rotations in Iowa (Davis 
et al., 2012; Karlen et al., 2006). Adding kenaf into existing crop systems in Iowa would 
move the economy of the state even further towards a bioeconomy. It has already been 
noted that kenaf is a good candidate for a biofuel feedstock (Berti et al., 2013; 
Meryemoğlu et al., 2014; Saba et al., 2015) and Iowa leads all other states in biofuel 
production. Also, research has shown that kenaf may be appropriate as a supplement feed 
crop (Webber et al., 2002), which could be attractive for livestock production.  
In contrast to Iowa, Kentucky is a southern state and is generally warmer and 
wetter than Iowa, which allows Kentucky to have a longer growing season. Kenaf has 
been studied in the past in Kentucky (Clark et al., 1963; Toole et al., 1960), but Kentucky 
lost interest in this crop in the early 2000. Producers in Kentucky wish to grow more fiber 
crops and to diversify the landscape. In some ways, Iowa could be a good location for 
kenaf production because of its rich soil (plant available water content of about 250 mm 
and soils with organic matter of 6%, latitude 42o N; SolarGIS, 2014) but Kentucky could 
be more favorable due to its climate (7% more annual radiation and 14% higher annual 
temperature than Iowa, latitude 38o N; Figure 5.1). Ultimately, the questions of what is 
more important for kenaf growth and productivity and how morphology and crop 
physiology change across these environments are raised. To answer these questions, a 
comparative growth analysis was performed between the two sites. 
In this study, the goal was to investigate kenaf productivity, morphology, and 
physiology of two kenaf cultivars under two management practices in Iowa and in 
Kentucky. More specifically, the objectives of this study were to: 1) compare kenaf 
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productivity between Iowa and Kentucky; 2) assess kenaf growth over the growing 
seasons; and 3) determine management (variety and seed density) effects on kenaf 
productivity, morphology, and physiology. In this work, it was expected to observe 
differences in kenaf productivity between Iowa and Kentucky, and a better performance 
under southern climates. Plant growth was hypothesized to have a different profile when 
grown in Iowa or in Kentucky. Finally, local management was expected to have different 
effects when kenaf is grown in Iowa or in Kentucky. 
 
Material and Methods 
 
Site, experiment, and local climate 
The experiment was conducted at two diverse locations, the Iowa State University 
Agronomy and Agricultural Engineering Research Farm, near Boone, Iowa (42° 01’ N, 
93° 46’ W) and at the University of Kentucky Spindletop Research Farm, in Lexington, 
Kentucky (38° 10’ N, 84° 49’ W). The Iowa site had a Nicollet loam soil (fine-loamy, 
mixed, mesic Aquic Hapludoll) and the Kentucky soil was a Bluegrass-Maury silt loam 
complex (well-drained, fine-silty, mixed, active, mesic Typic Paleudalf). The study was 
repeated at both sites in 2014 and 2015. At each site and in each year, the experiment was 
a randomized complete block design with three replications; each plot was 4.6 by 9.1 
meters.  
The cultivars ‘Tainung 2’, originally from Taiwan, and ‘Whitten’, developed at 
Mississippi State University (Baldwin, 2006) were planted and evaluated for phenology, 
crop biomass and morphology characteristics in 2014 and in 2015. Those two varieties 
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have presented promising results in terms of fiber yield (Bourguignon et al., 2016) and a 
good establishment in the field under Iowa environmental conditions. Kenaf seeds were 
planted at 185,300 and 370,700 seed ha-1 in rows spaced 38-cm apart at a depth of 2.5 cm 
when the top 10 cm soil temperature reached 15.6°C. Nitrogen was applied at a rate of 
168 kg ha-1 N and weeds were controlled with Prowl H2O Herbicide (pendamethelin). In 
2014, kenaf was seeded on 6 June in Kentucky and 10 June in Iowa. In 2015, kenaf was 
planted on 26 May in Kentucky and on 2 June in Iowa. 
In order to assess kenaf growth over the season, destructive harvests were 
performed several times from after planting to after the first killing frost (-2°C) at each 
location. In 2014, both locations received 6 in-season harvests, starting two weeks after 
planting. But in 2015, only Iowa had 6 in-season harvests, whereas the plots in Kentucky, 
subjected to a severe attack of Japanese Beetles (Popillia japonica), allowed to only have 
4 in-season harvests. A final harvest was done on two 2-meter rows at both locations in 
both years. All harvests per year and location are presented in Table 5.1. 
The weather conditions of the Iowa and Kentucky sites were quite different in 
2014 and 2015. Temperature and rainfall in Iowa for both years were similar to what the 
region was accustomed to in the spring and in the fall (Figure 5.1). January and February 
were colder and drier than usual but, in November and December, were warmer and 
wetter, especially for 2015. The growing season (June to November-December) was 
slightly colder than average both years but the site received more rain than normal, 
especially in June and August. 
Compared to Iowa, Kentucky weather was less extreme during 2014 and 2015. 
Indeed, the range of temperatures over both years was from -2°C to 25°C in Kentucky, 
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whereas it was from -10°C to 25°C in Iowa. Also, Kentucky received in general more 
precipitation than Iowa. During the growing season, the Kentucky site was slightly 
warmer than the long-term period but it received more rain in June and July 2015. Thus, 
the two locations represented unique growing environments for comparing the growth 
and development of kenaf under similar management. 
 
Data collection 
Prior to each harvest and at each location of this study, leaf area index (LAI) was 
measured with a LAI 2000 Plant Canopy Analyzer (PCA, Li-Cor, Lincoln, NE, USA) by 
taking one measurement above the canopy and three measurements below the canopy at 
ground level. Then, in order to evaluate plant population and kenaf yield, stalks were 
counted and wet aboveground biomass was recorded when two 1-meter rows were 
harvested by hand, cutting the plants at the ground-level.  
Three representative individuals were taken from the harvested bulk to be 
evaluated for their morphology. Stem height and diameter, wet and dry weight of stem 
(bast and core when differentiated) and leaves were measured on them. A measuring tape 
was used from apex to ground level to measure the stalk height and a caliper placed at 
ground-level was used for the stem diameter. Each of the three stalks was peeled and 
separated into bast, core and leaves. Wet weight and dry weight were determined after 
samples were dried at 60°C until the moisture content stabilized. This step was used to 
assess the core:bast ratio (dry weight of core divided by dry weight of bast) and the 
leaf:stem ratio (dry weight of leaf divided by dry weight of stem). These characteristics 
were later used to compare performance among treatments (cultivar and seed density).  
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Nitrogen concentration was assessed in kenaf during the growing season. This 
analysis provides information regarding kenaf composition and forage quality. Dry 
leaves, core and bast of each harvest were ground at 1-mm sized using a Wiley Mill, 
homogenized and prepared for N analysis. A 3 to 5 mg sub-sample was mixed with 
tungsten trioxide and placed in Elemental Analyzer (Vario MICRO cube, Elementar) to 
determine the concentration of N. Acetanilide was used to make reference as standards in 
this procedure.  
 
Statistical analysis and non-linear model 
The experiment was designed as a randomized complete block design with three 
replications. The statistical analyses were performed in SAS 9.4 using Proc GLM. Year 
and blocks were considered as random effects. A combined analysis was performed using 
location, variety, and seed density as fixed factors in the ANOVA for each year 
separately, but including only the final harvest in each model (main effects results 
presented in Table 5.2). Since the harvests were not conducted at the same time in 
Kentucky and in Iowa, the analysis of the location effect was only appropriate for the 
final harvest. An ANOVA was conducted separately for each location and each year, this 
time including harvest (represented by days after planting), variety, and seed density. The 
specific goal of this analysis was to address the cultivar and seed density effects over 
time. All statistical tests were made using α = 0.05 unless otherwise noted and only the 
significant results are presented in this study.  
In this study, the beta growth function (Yin et al., 2003) was to fit total dry 
biomass, height, diameter, and LAI: 
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where Y is the total dry biomass (or LAI), Ymax is the maximum total dry biomass (or 
LAI) value, t is the time (day of year), te is the time when Ymax is reached, tm is the 
inflection point at which the maxmimum growth (or LAI) rate is reached. This model was 
selected among many (Archontoulis and Miguez, 2015 for a review of 77 non-linear 
models), because it can describe decrease in biomass after a certon point. In the case of 
kenaf, total biomass increases with time, but after the first frost, all the leaves fall which 
results in an overall total biomass reduction. From the beta growth function applied to 
total dry biomass, the maximum crop growth rate (CGR, kg ha-1 d-1) was calculated (Yin 
et al., 2003): 
 
Stem height and basal diameter were fitted using the weibull function (Weibull, 
1951): 
 
where Y is the height (or diameter), Yasym is the asymptotic height (or diameter) value, t 
is the time (day of year), and a and b are parameters determining the shape of the curve. 
This model was appropriate for height and diameter because, at the end of the vegetative 
growth, plants have reached their maximum height and diameter that do not decrease 
later. The software R was used to optimize the parameters Ymax, te, tm, a, and b in each 
case. 
(2) 
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The software R was also used to compute the nitrogen dilution curve on N present 
in stem (bast and core). For this step, the following function was used, specific to C3 and 
C4 crops (Greenwood et al., 1990): 
 
where N is the N concentration (%), Y is the dry biomass (Mg ha-1), c and d are 
parameters related the shape of the curve. As kenaf is a C3 crop, the optimized parameters 
were c = 5.7 and d = -0.5. The N dilution in the stem (bast + core) were specifically 
presented, because the stem is the commercial product that most industries are interested 
on. 
 
Results and Discussion 
 
Biorenewable resources are very promising alternatives to petroleum for fiber and 
fuel. In this study, the growth of kenaf in Iowa and Kentucky was investigated and 
compared. Two years of data relevant to productivity and morphology of kenaf, cultivars 
‘Tainung 2’ and ‘Whitten’, grown at two seed densities were analyzed. When all plant 
characteristics are compared, kenaf production in Iowa seems to be more stable over time 
than Kentucky and Iowa presented very few interactions between treatments. ‘Tainung 2’ 
was in general more sensitive to location and to management practices than ‘Whitten’. 
Looking at the development of kenaf over the growing season, kenaf plants started to 
rapidly grow at the end of July and kenaf growth slowed down in October until reaching 
a plateau due to low temperatures. Therefore, it appeared that harvesting the crop 
between 280 and 300 DOY would be best to obtain the highest yield. Also, depending on 
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when a producer harvested the crop, management practices and variety can be of 
importance. Finally, if a producer decides to grow kenaf for core, choosing ‘Tainung 2’ 
and growing it in the South, like Kentucky would be a good strategy. However, growing 
‘Tainung 2’ in Iowa would produce more bast, which is generally a more valuable 
product.  
 
Kenaf productivity and morphology in Iowa and in Kentucky when harvested after 
the first frost 
 
Kentucky, generally warmer and wetter than Iowa, usually has a longer growing 
season. Consequently, it was expected to observe differences in kenaf productivity 
between locations and a better performance under southern climates. This hypothesis was 
mostly confirmed, but not in both years. When the analysis of kenaf productivity was 
made on the last harvest of 2014 and 2015, the location in which kenaf was grown greatly 
affected stem height, core:bast ratio, and dry stem yield (Table 5.2; Figure 5.1). Kenaf 
height in Iowa was 8% less than in Kentucky in 2014, however, this pattern was reversed 
in 2015, as kenaf was 32% taller in Iowa than in Kentucky. In 2015, kenaf in Kentucky 
was infested by Japanese beetles (Popillia japonica Newman) that damaged the leaves of 
many plants, reducing the ability of kenaf to grow due to the LAI reduction. In 2014, 
kenaf stem dry yield presented an interesting location × variety interaction, where 
‘Tainung 2’ performed 25% better than ‘Whitten’ when grown in Kentucky, whereas 
both varieties produced a yield of 9 Mg ha-1 in Iowa (P = 0.0339; Figure 5.2-A). 
‘Tainung 2’ and ‘Whitten’ have rarely been compared in previous studies, but results 
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from Mississippi showed that these cultivars produced similar yield of 15.6 Mg ha-1 
(Baldwin et al., 2006).  
Location had no effect on kenaf yield in 2015 and this was probably due to the 
presence of Japanese Beetles in Kentucky. That year, kenaf in Iowa reached 35% higher 
stem height than kenaf in Kentucky while final harvest yields were similar at the end of 
the year (12.5 Mg ha-1 on average; Figure 5.3). The pest damage resulted in a 43% yield 
reduction in Kentucky in 2015 compared with 2014. Because of the lower presence of 
pest and greater population variations under colder climates in some years, kenaf could 
perhaps experience less insect damage when grown in Iowa than in Kentucky. Kenaf 
production in Iowa seems to be more stable than Kentucky with respect of kenaf 
productivity.  
No previous work has compared kenaf productivity in Iowa and in Kentucky and 
very few studies have investigated the location effect on kenaf performance. Ching et al. 
(1992) compared stalk yield, plant height, and stem diameter of kenaf grown in Missouri, 
Oklahoma, and Mississippi. The authors found that kenaf performed in general better 
when grown in Mississippi compared with the other locations. The farther north that 
kenaf was planted, the lower the stalk yield, suggesting that southern states were 
preferable for kenaf production. However, Ching et al. (1992)  did observe varietal 
differences, including ‘Tainung 2’ reaching higher yield than other cultivars in all 
locations. This was not confirmed in this present study, because dry matter yield was 
dependent on variety and location (Figure 5.2-A).  
The core:bast ratio was also sensitive to both location and variety (Table 5.2; 
Figure 5.2-B), confirming results of Ching et al. (1992). When kenaf was grown in 2014, 
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contrary to height and yield, the core:bast ratio was 25% greater in Iowa than in 
Kentucky, which means that there was 25% more core produced than bast in Iowa but 
25% more bast than core in Kentucky. Often, core:bast ratio parallels the stem diameter; 
however, in this case, no main effect of location was found on diameter in either of the 
two years (data not shown). In 2015, ‘Whitten’ produced the same core:bast ratio in both 
locations (approximately 1.8; Figure 5.2-B), but ‘Tainung 2’ core:bast ratio was 14% 
higher when grown in Kentucky than in Iowa and was 10% lower than ‘Whitten’ when 
grown in Iowa. Based on these results, if a producer decided to grow kenaf for its core, 
choosing ‘Tainung 2’ and growing it in the South would be a good strategy, because the 
core:bast ratio is generally greater in Kentucky than in Iowa. However, growing ‘Tainung 
2’ in Iowa would produce more bast, which is a more valuable product.  
The interaction between variety and seed density also influenced final stem 
diameter and dry stem yield. In 2014, ‘Tainung 2’ plants had a 6% larger stem diameter 
than ‘Whitten’ when a low seed density was used (Figure 5.2-C). Results showed that the 
more crowded the plants, the narrower the diameter of ‘Tainung 2’ stems, which was not 
the case for stems of ‘Whitten’. However, diameter was not affected by these treatments 
in 2015. That second year of study, the variety ‘Tainung 2’ was more sensitive to the seed 
density than ‘Whitten’ with respect to stem production, since ‘Tainung 2’ reached a 30% 
greater yield when the plants were 50% more crowded (higher seed density) than 
‘Whitten’ (Figure 5.2-D). Contrary to what Ching et al. (1992) found, stem diameter was 
not influenced by location × variety interaction. Overall, these results show that ‘Tainung 
2’ was generally more sensitive to environment (represented by location here), as 
described earlier, and to management practices than ‘Whitten’.  
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Kenaf growth, morphology, and yield components during the growing season in 
Iowa and in Kentucky 
 
Seven in-season harvests were conducted in both locations in 2014, and seven in 
Iowa and four in Kentucky in 2015. In 2014, the first two harvests in Iowa and the first 
harvest in Kentucky were too early to observe bast and core differentiation, therefore, it 
was not possible to calculate the core:bast ratio. This also occurred with the first harvest 
at each location in 2015. Also, there were no leaves on the plants at the final harvest in 
2014 and 2015 at each location, which prevented leaf area index measurements and 
calculation of the leaf:stem ratio.  
For all variables measured, the harvest date had a significant effect. Figure 5.3 
represents the kenaf growth (total dry yield, height, and diameter) for both locations in 
2014 and in 2015, whereas Figure 5.4 presents kenaf morphology (core:bast ratio, 
leaf:stem ratio, and LAI). It was hypothesized that the plant growth would have a 
different profile, when grown in the Midwest or in the Southern U.S. All productivity-
related responses followed a similar pattern over the growing season in both years and 
locations. For instance, dry aboveground yield, stem height, and stem diameter increased 
with time, in a sigmoidal pattern. First, kenaf growth increased very slowly but, starting 
in July (180-200 DOY) when the monthly average temperature reached 20°C, the overall 
aboveground dry yield dramatically increased (2 to 19 Mg ha-1 on average in 100 days in 
2014; Figure 5.3-A; 5 to 17 Mg ha-1 on average in 100 days in 2015; Figure 5.3-B), 
reflecting the fact that the plants grew taller and taller (50 to 250 cm in 100 days in 2014; 
Figure 5.3-C; 100 to 250 cm on average in 2015; Figure 5.3-D), and developed thick stem 
diameters (10 to 20 cm in 100 days in 2014 and 2015; Figure 5.3-E, -F). However, in 
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2014, both locations experienced a slowdown in kenaf productivity at the end of August 
(200-240 DOY). In Iowa and Kentucky, and in both years, the non-linear model 
parameter te was approximately 298 DOY, which means that no matter when it was 
planted and which climate it was in, kenaf maximum dry biomass was reached at the 
same time (15.8 and 23.1 Mg ha-1 in 2014 in Iowa and Kentucky, respectively; and 14.0 
and 19.6 Mg ha-1 in 2015 Iowa and Kentucky, respectively; Table 5.3). But, compared 
with the harvest date, the maximum total dry yield, described previously, was reached 
earlier in Iowa (136 and 144 DAP in 2014 and 2015, respectively; Table 5.3) than in 
Kentucky in both years (142 and 152 DAP in 2014 and 2015, respectively; Table 5.3).  
There were differences at some harvest dates between the two locations. Kenaf 
grown in Kentucky reached a greater yield than in Iowa, starting in September (from 30% 
at 245 DOY to 35% at 275 DOY; Figure 3-A), but in 2015, the difference in total dry 
biomass began before September and, after the killing frost, Kentucky and Iowa had 
similar yields (approximately 12 Mg ha-1; Figure 5.3-B). The non-linear model parameter 
Ymax indicates that in both years, Kentucky tended to have a higher maximum total dry 
biomass than Iowa (15.8 and 23.1 Mg ha-1 in 2014 in Iowa and Kentucky, respectively; 
and 14.0 and 19.6 Mg ha-1 in 2015 Iowa and Kentucky, respectively; Table 5.3). In 2014, 
kenaf maximum growth rate in Kentucky was 315.9 kg ha-1 d-1, reached in 101 DAP, 
whereas it was 212.7 kg ha-1 d-1, reached in 93.2 DAP in Iowa. In 2015 however, the 
CGR in Kentucky was 35% lower than in 2014 (Table 5.3). The Japanese beetle 
infestation happened in mid-July, but the consequences were visible only later (Figure 
5.3-B), probably because the beetles feed mostly on the leaves (Hawley and Metzger, 
1940).  
189 
 
 
 
 
With respect to stem height and diameter and based on the non-linear models 
developed in Iowa and Kentucky, there were some differences between locations starting 
at the end of July or in August (225 DOY). Contrary to 2014 (Figure 5.3-C), 2015 stems 
were 30% taller in Iowa than in Kentucky starting in August (200 DOY, Figure 5.3-D), 
but stem diameter remained similar (21.2 and 21.6 cm for Iowa and Kentucky, 
respectively; Figure 5.3-F; Table 5.3). Generally, maximum basal diameter (20 and 21 
cm at 250 DOY in 2014 and at 260 DOY in 2015; Figure 5.3-E, -F) was reached earlier 
in the year than maximum total dry biomass (approximately 20 and 17 Mg ha-1 at 297-
298 DOY in 2014 and in 2015; Table 5.3). In 2014, stem diameters were 25% greater in 
Iowa than in Kentucky, but only in August (225-250 DOY; Figure 5.3-E). This 
demonstrates that the stem morphology of kenaf was not always the same and in this 
case, Iowa displayed very tall but relatively thin stems in 2015. Observations in Kentucky 
fields showed that, contrary to Iowa, the stems were more ramified, which may reduce 
the ability to kenaf to resist lodging from wind prior to harvest.  
Little is known about kenaf growth in the U.S., but several studies have been 
conducted in Greece and in Australia. For example, growth of ‘Tainung 2’ was relatively 
different in Kopais, Greece than what was found in this present study (Alexopoulou et al., 
2000). In Greece, ‘Tainung 2’ grew in a linear way until reaching its peak of biomass and 
then decreased after leaves abscised. The maximum total dry matter was 22 Mg ha-1 and 
was reached at 285 DOY, which was slightly earlier than in Iowa and in Kentucky 
(Archontoulis et al., 2011). Compared to other energy crop species, kenaf reached its 
maximum total dry biomass later (297 DOY in Iowa and in Kentucky) than fiber and 
sweet sorghum (Sorghum bicolor Moench; 265 and 275 DOY, respectively, Archontoulis 
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et al., 2011), later than maize (Zea mays; 250 DOY) grown in Mediterranean 
environment, and it was slightly later than Miscanthus (Miscanthus × giganteus; 280 
DOY). Plant height profile in central Greece though was very similar to the results of this 
study (Danalatos and Archontoulis, 2010). Kenaf grown in Iowa in 2015 (309 cm; Table 
5.3) was in the range of what was observed in Greece (from 300 to 370 cm). No similar 
research has been published using ‘Whitten’. 
With regards to kenaf anatomy, core:bast ratio was very different from one year to 
the next. In 2014, Iowa had larger core:bast ratio than in Kentucky, especially before 
October (1.5 and 0.75 in Iowa and Kentucky, respectively; DOY 255; Figure 5.4-A). But 
the trend was different in 2015, in which both locations displayed a core:bast ratio of 
almost 2.5 in July (185 DOY; Figure 5.4-B). This would indicate that kenaf produced 2.5 
times more core than bast during this period. Contrary to the core:bast ratio, the leaf:stem 
ratio was relatively the same for 2014 and 2015 (approximately from 1.5 to 0.3 in 2014, 
and from 2.0 to 0.3 in 2015; Figure 5.4-C, -D), but slightly different between locations. 
Plants had two times more biomass in leaves than stems in Iowa in both years (leaf:stem 
ratio of 2.0 and 2.3 at the beginning of 2014 and 2015, respectively; Figure 5.4-C, -D), 
whereas during the same time period kenaf in Kentucky had roughly 1.3 times more 
leaves than stems (leaf:stem ratio of 1.1 and 1.5 at the beginning of 2014 and 2015, 
respectively; Figure 5.4-C, -D). In both locations and years, peak leaf:stem occurred in 
July (DOY 180, 1.3 and 2.0 for Kentucky and Iowa in 2014, 1.5 and 2.3 for Kentucky 
and Iowa, in 2015), paralleling the fast vegetative growth, and reached a plateau where 
the leaf:stem ratio was 0.3. Total leaf biomass increased over the growing season, 
however, the stem weight became more and more important until the leaf:stem ratio was 
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lower than 1. One might assume that the taller the plants, the more leaves they would 
have, but it was already demonstrated that stem height was not different in Iowa and in 
Kentucky in 2014.  
As the leaf:stem ratio decreased in the summer, the leaf area index reached its 
peak in Iowa and in Kentucky in September 2014 (LAI of 4 m2 m-2 in both locations; 
Figure 5.4-E), when the plants were the tallest (about 250 cm; Figure 5.3-C), and had the 
most leaves (leaf:stem ratio of 0.3; Figure 5.4-E). In comparison, kenaf grown in Greece 
had a similar LAI trend, a parabolic profile, depending on the years (Archontoulis et al., 
2011; Danalatos and Archontoulis, 2010). In 2015, the greatest LAI was achieved in Iowa 
earlier than in 2014 (3.9 m2 m-2 at 245 DOY in 2014; 4.5 m2 m-2 at 225 DOY in 2015; 
Table 5.4), and LAI in Kentucky was very low in 2015, likely due to the Japanese beetles 
that fed mostly on the leaves (LAI of 2.1 m2 m-2; Table 5.4). Some studies have observed 
varietal differences in LAI (Alexopoulou et al., 2000), which was surprisingly not the 
case in this present study. Compared to other energy crop species, kenaf grown in Iowa 
and in Kentucky presented similar LAI than sunflower (Helianthus annuus; maximum 
LAI of 4 m2 m-2) or maize (maximum LAI of 4 m2 m-2; Archontoulis et al., 2011). 
Despite differences in leaf morphology (divided and deeply lobed for ‘Tainung 2’ 
vs cordate and shallowly lobed for ‘Whitten’), LAI was influenced by irrigation in dry 
areas (Patanè and Cosentino, 2013), more than by variety. When precipitation patterns in 
Kentucky and Iowa were compared, Kentucky received less rainfall than in Iowa in in the 
summer 2014 (approximately 160 and 110 mm in June and July in 2014, in Iowa and 
Kentucky, respectively; Figure 5.1), but the trend was the opposite in 2015 
(approximately 170 and 190 mm in June and July in 2015, in Iowa and Kentucky, 
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respectively; Figure 5.1). Even though Iowa received a similar amount of water in 2014 
and 2015, Kentucky was much 30% wetter in 2015 than in 2014. Therefore, it was 
somewhat logical to have a lower LAI in Kentucky in 2015 than in 2014, whereas the 
LAI in Iowa was similar both years. 
Nitrogen concentration in leaves, bast, and core, was the highest in the summer 
(180-210 DOY; Figures 5.5-A, -B, -C, and -D), especially in Iowa and in 2015 (about + 
67%; Figure 5.5-B). Later, it slowly decreased over time as the stem and the leaves 
became older. Leaves averaged about 60% more N than the bast and the core. The pattern 
over time was very similar to that reported by Kipriotis et al. (2007), who found that N 
concentration in leaves and stem decreased with time. However, it was found that leaves 
contained between 35 and 50 g kg-1 N and that the stem had between 5 and 15 g kg-1 N. 
On average, this study showed that both leaves and stem were slightly richer in N than in 
their study (from 5 to 60 g kg-1 N; Figure 5.5).  
Kipriotis et al. (2007) used N fertilization rates of 60 and 120 kg ha-1 N, lower 
than 168 kg ha-1 N, applied in Iowa and in Kentucky. As kenaf grown in Iowa and in 
Kentucky received more N (168 kg ha-1 N), it seems logical that the N content of the 
samples was slightly higher than those grown in Greece. After applying 135 kg ha-1 N 
fertilizer, Iowan soils have 1.65 g kg-1 of total nitrogen, which mostly comes from 
nitrogen fertilization and soil organic matter (Brown et al., 2014). Considering the rich 
amount of soil organic matter in Iowa, compared with soil in Kentucky and in Greece, 
one could expect to have higher N concentration in kenaf grown in Iowa. 
Data frequently collected of tissue dry biomass and N concentration allowed to 
build an N dilution curve, presented on Figure 5.6. Similarly to other crops, kenaf N 
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concentration decreases very rapidly when the dry weight increases, showing the dilution 
of N in the stem. Compared to Figure 2 in Cassman et al. (2002), kenaf N dilution curve 
has a similar profile typical of C3 crops. However, the “elbow” of the curve is reached at 
3% N and 2 Mg ha-1, whereas other C3 crops present a “turn” at 2.5% N and 5 Mg ha-1. 
Kenaf N dilution seems to be more in between C3 and C4 N dilution curves. 
 
Seeding rate and variety effects on kenaf growth, morphology, and physiology 
during the growing season in Iowa and in Kentucky 
 
Variety and seed densities were the two agronomic factors used in this study. The 
third hypothesis, which stated that kenaf growth in Iowa and in Kentucky would be 
influenced by the variety and the seed density was partially confirmed, mostly when 
kenaf was grown in Kentucky in 2014. However, the interactions between harvest date, 
variety, and seed density were not significant for any of the measurements performed in 
Iowa in 2014.  
In Kentucky in 2014, the variety ‘Tainung 2’ planted at low seed density had one 
of the greatest total dry biomass in September (Trt 1, 10 Mg ha-1, 245 DOY; Figure 5.7-
A), but not at the final harvest (Trt 1, 25 Mg ha-1 at 310 DOY; Figure 5.7-A). However, 
when ‘Tainung 2’ was grown at high seed density, aboveground total biomass reached its 
peak in October (Trt 2, 31.8 Mg ha-1, 264 DOY; Table 5.4). Maximum crop growth rate 
was observed when ‘Tainung 2’ was planted at 370,660 seed ha-1 (31.8 Mg ha-1; Table 
5.4). ‘Whitten’ planted at low seed density (Trt 3, 17 Mg ha-1; Figure 5.7-A) was less 
productive than ‘Tainung 2’ at low density in October 2014 (275 DOY, Trt 1, 22 Mg ha-1; 
Figure 5.7-A). Surprisingly, the maximum crop growth rate for ‘Whitten’ was 49% 
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greater when planted at 185,330 seed ha-1 than at 370,660 seed ha-1, due to competition 
between plants during the period of maximum growth (Table 5.4). The core:bast ratio and 
the N concentration showed less differences between treatments over the year (Figure 
5.7-B, -C). However, ‘Whitten’ grown at high seed density had more core than bast in 
October 2014 (Trt 4, core:bast ratio of 1.3, 275 DOY; Figure 5.7-B) and lower N 
concentration in August 2015 (Trt 4, 15 g kg-1 N, 215 DOY; Figure 5.7-C) than for the 
other treatments (core:bast ratio of 1.0; Figure 5.7-B, from 17 to 22 g kg-1 N; Figure 5.7-
C). This documents that, depending on when a producer harvests the crop, management 
practices and variety influence kenaf yield and quality. 
Kenaf morphology, stem height, diameter, and leaf:stem ratio, was more sensitive 
to the influence of variety than to management practices in this study when grown in 
Kentucky in 2014 (Figure 5.8). For instance, ‘Tainung 2’ was generally 12% taller and 
with 14% thicker stems than ‘Whitten’ starting relatively early in July and these 
differences slightly increased over the rest of the growing season (250 DOY; Figure 5.8-
A; Table 5.4). ‘Tainung 2’ had more leaf mass than stem mass (leaf:stem ratio of 1.3 at 
175 DOY; Figure 5.8-B) than ‘Whitten’ earlier in the season (leaf:stem ratio of 1.0 at 175 
DOY; Figure 5.8-B). Even though height, stem diameter, and leaf:stem partitioning were 
not influenced by seed density during the growing season, the seed density treatment still 
impacted the aboveground kenaf yield, as previously described (Figure 5.7-A).  
Stem diameter and core:bast ratio were reported to be relatively highly correlated 
(r2 = 0.39; Webber, 1993) , but in this present study, it was found that this was not the 
case because the coefficient correlation was not significant (r = -0.043, p = 0.4993; Table 
5.5). ‘Tainung 2’ had 14% larger diameter than ‘Whitten’ (Figure 5.8-A), but the 
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core:bast ratio was not always greater for ‘Tainung 2’ (no significant varietal effect; 
Table 5.2). In general, ‘Tainung 2’ basal diameter over the season was relatively similar 
in Kentucky when compared with South Italy (from 5 to 25 in Iowa and Kentucky, and 
from 6 to 18 mm; Patanè and Cosentino, 2013). Specifically, kenaf grown in the 
Mediterranean area reached 18 mm-stem diameter, whereas plants grown in Kentucky 
had a final diameter of 20 mm. Stem diameter was larger in Kentucky in 2015 when 
planted at 185,330 seed ha-1 (25 mm) than when planted at 370,660 seed ha-1 (18 mm) 
and the effects were visible in September (250 DOY; Figure 5.9-A).  
In contrast to Kentucky, kenaf growth and development was more stable over 
time with very few interactions between treatments. The core:bast ratio and N 
concentration of leaf and stem were the only variables that were influenced by the variety 
× seed density interaction, and only in 2015 (Figure 5.9-B, -C, -D). During summer 2015, 
the core concentration was higher than of bast when plants were planted at high seed 
density as the core:bast ratio were 1.9 and 2.7 for low and high density, respectively 
(180-250 DOY; Figure 5.9-B). Moreover, the pattern was similar for core:bast ratio when 
the variety effect was studied, because ‘Whitten’ produced more core than ‘Tainung 2’ 
(from +37% to +5% from 185 DOY to 325 DOY, Figure 5.9-C). ‘Whitten’ produced 
greater concentration of core than of bast, especially in early summer (+37%), but 
contained 22% less N than ‘Tainung 2’ during the same period (Figure 5.9-D). Growing 
‘Whitten’, especially at high seed density, reduced in general bast production and N 
concentration in the plant. Importantly, it should be noted that the differences discussed 
here were found during summer growth periods and differences in core:bast and plant N 
concentration were not present at the final harvest (Table 5.2). 
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Berti et al. (2013) was the only other group of who have recently investigated 
kenaf productivity in the Midwest, more specifically in North Dakota. The authors 
utilized the cultivar ‘Dowling’ and did not investigate a varietal effect but did find that 
yield was greater (9.45 to 10.22 Mg ha-1, respectively) when the plants were planted at 
160,000 to 320,000 plants ha-1 than when grown at 40,000 to 80,000 plants ha-1. The seed 
density treatments used in Iowa and in Kentucky were in the range of what Berti et al. 
(2013) considered high plant densities and the yields were similar or slightly higher (8.21 
Mg ha-1 in Iowa in 2014, and 12.61 Mg ha-1 in both locations in 2015). Based on these 
results, Iowa kenaf productivity and morphology may have varied among years, but 
‘Whitten’ and ‘Tainung 2’ grown at 185,330 or at 370,660 seed ha-1 did not differ in 
yield, but only in distinct core:bast ratio and N concentration. This provides an 
opportunity for Iowan producers to choose variety and management practices depending 
on whether the purpose is to grow kenaf for bast or core.  Kenaf yield in Kentucky 
averaged 21.6 Mg ha-1, roughly double what Berti et al. (2013) reported from North 
Dakota, a region with less precipitation and a shorter growing season. Also, results 
showed that Kentucky produced on average 5.5 Mg ha-1 of core and 5.0 Mg ha-1 of bast 
over 2014 and 2015, whereas Iowa produced 4.1 Mg ha-1 of core and 3.0 Mg ha-1 of bast 
(data not shown, calculated from stem yield and core:bast ratio). This disparity provides 
evidence that Kentucky should have more potential for kenaf stem production than Iowa. 
Overall, the selection of variety and seed density decided at the planting season 
influenced kenaf growth in Iowa and in Kentucky. However, Iowa seemed much less 
sensitive than Kentucky to the treatments.  
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Conclusion 
 
This study is one of the first to compare growth, morphology, production, and 
quality of kenaf between Midwest and a Southern state. Clearly, growing kenaf in Iowa 
has some advantages, especially in terms of stability for biomass production over 
varieties and seed densities. But Kentucky showed great potential to grow kenaf at high 
biomass. In general, ‘Tainung 2’ planted at high seed density will likely have greater 
yield at a late fall, penultimate harvest. A producer may choose to grow ‘Tainung 2’ in 
southern states to reach a high yield but, at the end of the growing season, the bast 
proportion may be lower than when grown in the Midwest. Even though variety and seed 
density influence kenaf productivity and morphology during the growing season, the 
effects are not always apparent at final harvest. Therefore, it would be suggested to 
harvest kenaf between 280 and 300 DOY in both locations, considering the multiple 
factors that influence kenaf productivity and morphology. 
This study focused on the influences of kenaf variety and seed density. Further 
research is necessary to optimize row spacing, nitrogen fertilization, and planting date for 
kenaf in the Midwest and Southern US. Bast and core proportion has been measured, but 
not the kenaf lignocellulose and ash content, which could be important for biofuel 
purposes. Kenaf has potential in Iowa, but it needs to be explored more thoroughly, 
especially as Iowa is one of the leading agricultural states of the U.S. Iowa would be the 
ideal location for kenaf production and processing, considering the farm acreage and the 
potential for developing bio-industries. This would give an opportunity for U.S. 
producers to compete with producers in Asia and India in the bio-fiber market. 
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Tables 
 
Table 5.1. Planting date, in-season and end-of-season harvests of kenaf grown in Iowa 
and in Kentucky, 2014 and in 2015. 
Growing 
year 2014 2015 
Location Iowa Kentucky Iowa Kentucky 
 Date DOY † Date DOY Date DOY Date DOY 
Planting 
Date 10 June 161 6 June 157 2 June 153 26 May 146 
         
Harvest 7 July 188 1 July 182 30 June 181 26 June 177 
 21 July 204 18 July 199 14 July 195   
 4 August 216 8 August 220 31 July 212 27 July 208 
 18 August 230 August 25th 237 11 August 223   
 1 September 244 
15 
September 244 25 August 237 
1 
September 244 
 15 September 258 8 October 281 
17 
September 260 9 October 279 
 10 November 316 
7 
November 311 
20 
November 324 
4 
December 338 
DOY = Days of year 
† To calculate Day After Planting, use the planting dates, which were 161, 157, 153, and 
146 DOY for Iowa and Kentucky in 2014, and Iowa and Kentucky in 2015, respectively. 
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Table 5.2. Location, variety, and fiber category main effects on kenaf height, core:bast 
ratio, and N concentration (mean ± S.E.; crop age 155, 154, 171, and 192 DAP for Iowa 
and Kentucky in 2014 and for Iowa and Kentucky in 2015, respectively).  
 Stem Height Core:Bast Ratio N Concentration 
 cm    g kg-1 DM 
Year 2014 2015 2014 2015 2014 2015 
Location       
IA 224 ± 4
 b 
† 314 ± 5
 a 1.2 ± 0.1 a 1.8 ± 0.1 a 10.0 ± 0.5 b 8.6 ± 0.4 a 
KY 244 ± 6 a 214 ± 6 a 0.9 ± 0.1 b 1.9 ± 0.4 a 13.4 ± 0.8 a 8.5 ± 1.0 a 
Variety       
Tainung 2 244 ± 6 a 276 ± 14 a NS‡ NS NS NS 
Whitten 224 ± 5 b 262 ± 15 b NS NS NS NS 
Fiber category       
Bast NS NS NS NS 13.5 ± 0.6 a 10.9 ± 0.6 a 
Core NS NS NS NS 9.9 ± 0.7 b 6.2 ± 0.6 b 
† Different letters (a, b) denote statistically significant differences of stem height, 
core:bast ratio, or N concentration between Iowa and Kentucky, between ‘Tainung 2’ and 
‘Whitten’, or between bast and core (ANOVA, P = 0.05), in each year. 
‡ NS indicates p > 0.05. 
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Table 5.3. Parameters of non-linear model used to fit total dry biomass, stem height, basal diameter, and LAI for Iowa and Kentucky, 
in 2014 and 2015.  
  Total Dry Biomass† Height‡ Diameter‡ LAI† 
  Ymax  te  tm  CGR  Yasym  a b Yasym  a b Ymax  te  tm  
  Mg ha-1 DOY§ DOY§ 
kg ha-1 
d-1 cm   cm   
m2 
m-2 DOY§  DOY§ 
Year Location              
2014 Iowa 15.8 297 254 212.7 216.2 0.000003 3.0662 20.2 0.000443 3.1830 3.9 245 220 
 Kentucky 23.1 299 258 315.9 254.3 0.000084 2.1114 19.9 0.001015 1.6896 3.6 243 172 
2015 Iowa 14.0 297 227 147.2 309.6 0.000031 2.4194 21.2 0.000004 1.9005 4.5 225 204 
 Kentucky 19.6 298 234 205.9 224.7 0.000120 2.0654 21.6 0.002851 1.3471 2.1 258 185 
Ymax = Maximum total dry biomass (or LAI) value 
te = Time when Ymax is reached; tm = Inflection point at which the growth rate is maximized 
CGR = Maximum crop growth rate  
Yasym = Asymptotic height (or diameter) value 
a and b = Parameters determining the shape of the curve 
DOY = day of year 
† The non-linear model used to fit the total dry biomass and LAI data was the Beta model. 
‡ The non-linear model used to fit the stem height and basal diameter data was the Weibull model. 
§ To calculate Day After Planting, use the planting dates, which were 161, 157, 153, and 146 DOY for Iowa and Kentucky in 2014, and 
Iowa and Kentucky in 2015, respectively. 
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Table 5.4. Parameters of non-linear model used to fit total dry biomass, stem height, and basal diameter for Kentucky, in 2014.  
  Total Dry Biomass† Height‡ Diameter‡ 
  Ymax  te  tm  CGR  Yasym a b Yasym a b 
  Mg ha-1 DOY§ DOY§ kg ha-1 d-1 cm   cm   
Variety Seed density           
Tainung 2 185,330 seed ha-1 24.8 287 257 416.3 269.9 0.0001 2.0550 22.0 0.0009 1.6890 
 370,660 seed ha-1 31.8 295 264 515.7 
Whitten  185,330 seed ha-1 23.2 292 269  412.4 238.9 0.0001 2.1810 17.9 0.0012 1.6751 
 370,660 seed ha-1 20.0 310 245 211.6 
Ymax = Maximum total dry biomass value 
te = Time when Ymax is reached; tm = Inflection point at which the growth rate is maximized 
Yasym = Asymptotic height (or diameter) value; a and b = Parameters determining the shape of the curve 
CGR = Maximum crop growth rate; DOY = day of year 
† The non-linear model used to fit the total dry biomass data was the Beta model. Total dry biomass was sensitive to variety and seed 
density (see Figure 5.7). 
‡ The non-linear model used to fit the stem height and basal diameter data was the Weibull model. Stem height and basal diameter were 
sensitive to variety only (see Figure 5.8). 
§ To calculate Day After Planting, use the planting date, which was 157 DOY for Kentucky in 2014. 
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Table 5.5. Correlation coefficient of measured variables of kenaf grown in Kentucky and 
Iowa, in 2014 and 2015 (all crop ages confounded). 
 Total Dry Stem 
Leaf:stem 
ratio 
Core:bast 
ratio Height Diameter LAI 
Total dry 
biomass 0.774 ** -0.529 ** -0.148 * 
0.639 
** 0.551 ** 
0.023 
NS 
Total Dry 
Stem  -0.459 ** -0.060 NS 
0.676 
** 0.745 ** 
-0.066 
NS 
Leaf:stem 
ratio   -0.078 NS 
-0.865 
** 
-0.673 
** 
-0.301 
* 
Core:bast 
ratio    
0.064 
NS 
-0.043 
NS 
-0.222 
* 
Height     0.758 ** 0.369 ** 
Diameter      0.313 ** 
*, **, * Significant at the 0.01 and 0.001 levels of probability, respectively. NS, 
nonsignificant (P > 0.05).
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Figure 5.1. Monthly cumulative precipitation and average air temperature in 2014 and 
2015, in Iowa (A), and in Kentucky (B).  
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Figure 5.2. Dry stem yield (2014 – A; 2015 – D), core:bast ratio (B), and stem diameter 
(C) of kenaf (mean ± S.E.; crop age 155, 154, 171, and 192 DAP for Iowa and Kentucky 
in 2014 and for Iowa and Kentucky in 2015, respectively) grown in Iowa and in 
Kentucky in 2014 and 2015, influenced by interactions with variety. Different letters on 
the top of the bars represent significant differences between treatments (P < 0.05). 
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Figure 5.3. Kenaf total aboveground dry biomass (2014 – A; 2015 – B), stem height 
(2014 – C; 2015 – D) and diameter (2014 – E; 2015 – F) grown in Iowa (●) and in 
Kentucky (○) in 2014 and 2015. “NLM” in the legend refers to “non-linear model”. 
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Figure 5.4. Kenaf core:bast ratio (2014 – A; 2015 – B), leaf:stem ratio (2014 – C; 2015 – 
D) and leaf area index (LAI; 2014 – E; 2015 – F) grown in Iowa (●) and in Kentucky (○) 
in 2014 and 2015. “NLM” in the legend refers to “non-linear model”. 
 
208 
 
 
 
 
 
2014 Iowa
N 
C
on
ce
nt
ra
tio
n 
(g
 k
g-
1  D
M
)
0
20
40
60
80
Bast
Core
Leaves
A
2015 Iowa
B
2014 Kentucky
Day of Year
150 175 200 225 250 275 300 325
N 
C
on
ce
nt
ra
tio
n 
(g
 k
g 
D
M
-1
)
0
20
40
60
80
C
2015 Kentucky
150 175 200 225 250 275 300 325
D
 
Figure 5.5. Nitrogen concentration of bast, core, and leaves when grown in Iowa (2014 - 
A; 2015 - B) and in Kentucky (2014 - C; 2015 - D).  
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Figure 5.6. Nitrogen dilution curve, showing N concentration and stem dry biomass of 
kenaf grown in Iowa and in Kentucky, in 2014 and in 2015. The bold line represents the 
mean and the dotted line indicated the 95% confidence interval. 
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Figure 5.7. Harvest date, variety, and seed density effect on aboveground dry yield (A), 
core:bast ratio (B), and nitrogen concentration of kenaf grown in Kentucky in 2014 or 
2015 (C). “Trt” and “NLM” in the legend respectively refer to “treatment” (combination 
of variety and seed density) and “non-linear model”. 
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Figure 5.8. Varietal effect on kenaf height and diameter (A), leaf:stem ratio (B), and 
nitrogen concentration (C) of ‘Tainung 2’ and ‘Whitten’ grown in Kentucky in 2014. 
“NLM” in the legend refers to “non-linear model”. 
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Figure 5.9. Seed density effect on stem diameter (A; Yasym, a, and b being the parameters 
for the Weibull function) and core:bast ratio (B) and varietal effect on core:bast ratio (C) 
and nitrogen concentration (D) of kenaf grown in Iowa and in Kentucky, in 2014 and in 
2015. “NLM” in the legend refers to “non-linear model”. 
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CHAPTER VI 
A MODEL FOR EVALUATING PRODUCTION AND ENVIRONMENTAL 
PERFORMANCE OF KENAF IN ROTATION WITH OTHER CROPS 
     
A manuscript submitted to Industrial Crops and Products 
Marie Bourguignon1*, Sotirios Archontoulis1, Kenneth Moore1, Andrew Lenssen1 
 
 
Abstract  
 
Kenaf (Hibiscus cannabinus L.) has been successfully grown in Iowa, where corn 
and soybean are prevalent crops. The potential inclusion of kenaf into the conventional 
corn-soybean rotation of the U.S. Midwest requires investigation of how kenaf may 
influence the corn-soybean system and soils. In this study, we first parameterized, 
calibrated, and validated a new kenaf model within the Agricultural Production Systems 
Simulator (APSIM) and subsequently used the new model, together with other models 
within APSIM, to investigate the following questions: 1) what is the optimum planting 
date of kenaf under water-nitrogen limited and non-limited conditions in central Iowa; 2) 
does soil nitrate accumulation (and thus potential nitrate leaching) vary among kenaf, 
corn, and soybean crops?; 3) is soil organic matter (SOC) influenced in the long term by 
the inclusion of kenaf into the conventional corn-soybean system?; and 4) how do kenaf 
performance indices such as water use efficiency (WUE) and nitrogen use efficiency 
(NUE) compare to corn and soybean? 
1 Dept. of Agronomy, Iowa State University, Agronomy Hall, Ames, IA 50011, USA 
* Corresponding author 
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The model performed well in simulating total biomass, stem production, plant 
height, and N concentration in the plant stem and leaf tissues of kenaf with relative mean 
square errors of 2.1 Mg ha-1, 1.6 Mg ha-1, 34.5 cm, 0.4%, and 0.8%, respectively. Model 
analysis of different rotation systems including kenaf, soybean, and corn showed that 
corn biomass is not affected by the inclusion of kenaf in conventional rotation, but that 
there is a slight tradeoff between kenaf stem biomass and soybean yield. Soybean 
performed better in corn-soybean-kenaf (C-K-S) systems than in corn-kenaf-soybean (C-
S-K) rotations, whereas it was the opposite for kenaf. Nevertheless, kenaf is highly 
efficient with respect to N and soil nitrate following corn; corn and kenaf have similar 
NUE and soil nitrate uptake. Kenaf in rotation with corn may result in a higher 
equilibrium level for SOC than conventional corn-soybean systems. Kenaf inclusion in 
continuous corn or corn-soybean systems has positive soil quality and environmental 
benefits in Iowa. 
 
Keywords 
APSIM, biomass, cropping systems, modelling, nitrate, soil quality 
 
Abbreviations 
APSIM - agricultural production systems simulator; C-C - continuous corn; C-C-K - 
corn-corn-kenaf; C-K-S - corn-kenaf-soybean; C-S - corn-soybean; C-S-K - corn-
soybean-kenaf; DOY - day of year; LAI - leaf area index; NUE - nitrogen use efficiency; 
SOC - soil organic carbon; RMSE - root mean square error; RRMSE - relative root mean 
square error; WUE - water use efficiency. 
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Introduction 
 
Agriculture faces many environmental issues and the crop production and 
environment interaction is complex. Recent studies have demonstrated that nutrient 
losses from cultivated soils have short- and long-term effects on soil and water profiles, 
and ecosystems (Joosse and Baker, 2011; Puckett et al., 2010; Sebilo et al., 2013; Turner 
et al., 2008). In Iowa, 80% of the landscape is dominated by corn (Zea mays L.) and 
soybean (Glycine max L.) fields (Newton and Kuethe, 2015). In this region, the 
application of N fertilizers has had negative effects on surface and groundwater quality 
(Burkart and James, 1999; Dinnes et al., 2002; Hatfield et al., 2009). More than 150 
water supplies are susceptible to contamination by NO3-N from corn and soybean fields 
(David et al., 2015). This has dramatic consequences on nitrate levels present in drinking 
water (Rood, 2016). Diversification of the corn-soybean system has the potential to 
reduce NO3-N leaching and improve soil quality and sustainability (Davis et al., 2012; 
DeHaan et al., 2016; Karlen et al., 2006).  
Kenaf (Hibiscus cannabinus L.) is a multi-purpose, short-day, C3 annual, dicot 
that belongs to the Malvaceae family. Kenaf has shown encouraging results in terms of 
yield and market potential in Europe and Indonesia (Alexopoulou et al., 2004; Petrini et 
al., 1994; Stricker et al., 2001). Kenaf stem yields (commercial product) range from 7.4 
to 24 Mg ha-1 (Anfinrud et al., 2013; Brown and Brown, 2014; Danalatos and 
Archontoulis, 2010). Kenaf stems contain 60 to 65% inner core with short and porous 
fibers. Long and valuable bast fibers predominate in parenchymal areas outside the inner 
core, about 35 to 40% of total dry matter (Sellers and Reichert, 1999). Because of the 
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quality of bast and core fibers, kenaf can be used for production of paper, textile, rope, 
absorbent material, films, cellulose derivatives, and bioplastics (Saba et al., 2015). Kenaf 
stems have potential for biofuel because of its high cellulose and total fiber concentration 
(Bourguignon et al., 2016a). Due to the high potential for marketability of kenaf fibers, it 
is a promising alternative crop to diversify the conventional corn-soybean rotation in 
Iowa potentially, providing positive economic and environmental benefits.   
Inclusion of kenaf into existing rotation systems in Iowa requires two types of 
information from farmers and policy makers: a) how well kenaf will perform in this 
region, and b) how kenaf influences productivity and environmental performance 
compared with the existing cropping system in short- and long term scenarios. Literature 
information is rich for the former question (Bourguignon et al., 2016a, b, c), but scant for 
the latter, largely due to lack of long-term data.  
Cropping systems models such as APSIM (Holzworth et al., 2014) and DSSAT 
(Jones et al., 2003) which integrate various crop and soil/environmental models can be 
appropriate tools to explore long term crop production and potential environmental 
benefits. To our knowledge, there are only two crop models for kenaf. In Australia, the 
NTKENAF model was developed and applied to explore kenaf phenology, morphology, 
and production (Carberry and Muchow, 1992a, b; Carberry et al., 1993, 2001; Muchow 
and Carberry, 1993). In Europe, Danalatos et al. (2007), Gintsioudis et al. (2007), and 
Danalatos et al. (2008) developed the BIOKENAF model as part of an EU project 
BIOKENAF (Alexopoulou et al., 2004; Alexopoulou et al., 2013). However, neither of 
these models allow researchers to investigate kenaf in different cropping systems or 
compare rotation effects.  
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The APSIM cropping systems software platform due to its modular design 
(Hammer et al., 2010; Holzworth et al., 2014; Wang et al., 2002) provides an ideal 
environment for development of new models and connection with existing crop and soil 
models within the platform (e,g. biochar model; Archontoulis et al., 2016). Additionally, 
corn and soybean models as well as soil water, nitrogen and carbon models of APSIM 
have been extensively calibrated and tested to simulate production and environmental 
aspects of cropping systems in Iowa (Archontoulis et al., 2014a, b; Basche et al., 2016; 
Dietzel et al., 2016; Malone et al., 2007; Martinez-Feria et al., 2016). 
Therefore, the first objective of this work was to develop, parameterize, and 
validate a kenaf model within the APSIM simulation platform. The second objective was 
to use the new model to explore the following four questions that can assist decision 
making: 1) what is the optimum planting date of kenaf under water-nitrogen limited and 
non-limited conditions in central Iowa; 2) how does soil nitrogen accumulation (and thus 
potential leaching) compare between kenaf, corn, and soybean crops, 3) is long-term soil 
organic carbon influenced by the inclusion of kenaf into the conventional corn-soybean 
system, and 4) how do kenaf performance indices such as water use efficiency (WUE) 
and nitrogen use efficiency (NUE) compare to corn and soybean?     
 
Material and Methods 
 
Description of available datasets 
Three different sets of data were used for model calibration and one independent 
set of data was tested on the model during the validation step. The in-season dataset was 
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from a 2014 and 2015 experiment (dataset 1, Table 6.1), conducted and replicated at the 
Iowa State University Agronomy and Agricultural Engineering Research Farm, in Boone, 
Iowa (42° 01’ N, 93° 46’ W) and the University of Kentucky Spindletop Research Farm, 
in Lexington, Kentucky (38° 10’ N, 84° 49’ W). The experiment evaluated kenaf 
phenology, crop productivity, and morphology of Tainung 2, grown at 18.5 and 37.1 seed 
m-2 in 2014 and 2015. Each treatment (year × location × seeding rate; n = 8) was 
replicated 3 times. Destructive harvests were performed seven times during the growing 
season at each location. Additional details of the experiment design and the 
measurements  were described in Bourguignon et al. (2016b). Daily minimum and 
maximum temperature, solar radiation, and precipitation were collected at a weather 
station located approximately 3 km and 18 km from the Iowa and Kentucky research 
sites, respectively, and data were accessed from Iowa Environmental Mesonet (2016) and 
Kentucky Mesonet (2016).  
Another experiment, conducted in Boone County, IA, also was used for 
calibrating the kenaf model in APSIM (dataset 2, Table 6.1). Tainung 2 was planted at 
24.7 and 37.1 seed m-2, in 38.1- and 76.2-cm rows, and fertilized with 0, 56, 112, 168, 
and 224 kg ha-1 N in 2014 and 2015. Each treatment (year × seeding rate × row spacing × 
N rate; n = 40) was replicated 4 times. Stem height was measured biweekly from planting 
to harvesting, leaf area index (LAI) was measured monthly, and stem dry yield, bast:core 
ratio, and N concentration in stem were collected at the end of season. The full 
description of the experiment was described in Bourguignon et al. (2016d).  
A third experiment was conducted in the same locations in Iowa and Kentucky 
that investigated the aboveground and belowground weight of kenaf. The focus was on 
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root weight at six different depths and at three different distances from the row (dataset 3, 
Table 6.1). Each root collection was performed four times during the growing season and 
replicated twice. A 1.2 m-depth soil core was taken and separated into six segments of 
equal volume. Samples were washed and sieved, and roots present in each sample were 
dried, and weighed. 
To test the calibrated model, an independent dataset was used that was from an 
experiment conducted in Boone County, IA (dataset 4, Table 6.1) in 2004 and 2005 (n = 
36; Bourguignon et al., 2016c). The fourth dataset included end-of-season stem dry yield 
of kenaf planted at three different planting dates with seeding rates of 19, 28, and 37 seed 
m-2 and fertilized with 0 and 168 kg ha-1 N. Each treatment was replicated 4 times. The 
36 cases are described in Appendix F. 
 
Model parameterization  
As a starting point for building the kenaf model within APSIM (version 7.7), we 
used an existing crop model in APSIM [pigeonpea, Cajanus cajan (L.) Millsp.] that 
shares many similarities in growth, development, and biomass partitioning with kenaf 
(Peter Carberry, personal communication). The pigeonpea crop model consists of two 
sets of parameters, as for all APSIM crop models: the crop and the cultivar specific 
(Wang et al., 2002). During the parameterization of the kenaf model, we checked and 
updated crop and cultivar parameters using published literature and then during 
calibration, we used experimental data to further improve kenaf modeling. 
The following updates were made to the crop parameters of the pigeonpea model 
during model parameterization: 1) N-fixation routine deactivated from the crop model; 2) 
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Radiation use efficiency parameter updated from 0.90 to 1.50 g MJ-1 (Muchow, 1990); 3) 
Cardinal temperatures updated to 10 (base), 31 (optimum), and 43 (ceiling) °C (Carberry 
and Abrecht, 1990); 4) Activated function to drop senesced leaves during the growing 
season to reflect better kenaf concurrent leaf production and drop to the soil surface over 
time and allow decomposition of these materials before crop harvest. In the cultivar 
parameters, the following modifications were added: 1) Photoperiod updated to 12.9 h 
(Carberry et al., 1992); 2) Rate of harvest index and maximum harvest index potential 
changed to 0.00075 d-1 and to 0.35, respectively (Angelini et al., 1998); 3) Cumulative 
vernalization days deactivated; 4) updated thermal requirements of different crop stages 
(from emergence to grain filling; Carberry et al., 1992). The detailed list of changes made 
are presented in Appendix G. 
 
Model calibration and testing  
To calibrate the new kenaf model, we used both in-season and end-of-season 
experiment data from Iowa and Kentucky in 2014 and 2015 (n = 48, dataset 1; Table 6.1). 
Before the calibration of the crop and cultivar parameters, we first developed the soil 
profile parameter for the experimental sites using information taken from Web Soil 
Survey and methodology described in Archontoulis et al. (2014a). Then, we ran a 
sequential simulation over the past six years to initialize the soil organic pools and to get 
initial soil water and nitrogen content similar at the simulation start day (March 3rd), 
similar to Dietzel et al. (2016). The soil profile and parameter values can be seen in 
Appendixes H and I. 
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During calibration, the following changes were made to the crop model 
parameters: 1) the twilight was reduced to 0 (better fit to phenological data); 2) the mean 
daily temperatures that control photosynthetic capacity were adjusted to 10, 20, 35, and 
45°C (Carberry and Abrecht, 1990); 3) the root depth parameters were changed to reflect 
experimental data (dataset 3 in Table 6.1); 4) the N concentration in leaf, stem, and root 
was modified using the results in datasets 1, 2, and 3. The derived parameter values are 
presented in Appendix G.  
Bast and core separation was added into the model by incorporating a simple 
function, which was partitioning stem biomass to bast (55%) and core (45%) over time. 
The partitioning coefficients were calibrated using data from dataset 1 (Table 6.1).  
  
Model application  
The calibrated and validated model was used to address the questions listed in the 
introduction. We considered five crop rotation systems: corn-kenaf-soybean (C-K-S), 
corn-soybean-kenaf (C-S-K), corn-corn-kenaf (C-C-K), corn-soybean (C-S), and 
continuous corn (C-C) over a period of 35 years (1980-2015). The simulation process 
was sequential, starting in 1980 and ending in 2015. In these simulations, a 110-day 
relative maturity corn hybrid (Archontoulis et al., 2014a) and a 2.5 maturity soybean 
(Archontoulis et al., 2014b) were used. Model parameters had corn planted on May 1, at 
8 seed m-2, in 76-cm rows, with 150 kg ha-1 fertilizer N; soybean was sown on May 10, at 
35 seed m-2, in 76-cm rows. Kenaf was planted on May 20, at 25 seed m-2 in 38-cm rows 
with 80 kg ha-1 fertilizer N. The initial soil nitrogen and water conditions for the scenario 
simulations are presented on Appendixes H and I. Total biomass, stem weight, grain 
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yield, N uptake in aboveground biomass, crop transpiration and soil evaporation from 
planting to harvesting, NO3-N in each soil layer, and soil organic carbon (SOC) in first 15 
cm of soil were computed.  
 
Data analysis 
For each measurement of calibration and validation datasets, the root mean 
squared error and the relative root mean squared error between the predicted and 
measured values were calculated to assess the goodness of fit. We used the following 
equations: 
RMSE =  
where RMSE is the root mean squared error (RMSE, the lower the value, the better), N 
the total number of situations, Yi the measured value for situation i, and Y the 
corresponding value calculated by APSIM (Brun et al., 2006). 
RRMSE =100*  
where RRMSE is the relative root mean squared error (%, RRMSE, the lower the value, 
the better), and A the average of the observed values (Brun et al., 2006). 
Crop water use efficiency (WUE, kg DM ha-1 mm-1 evapotranspiration) and N use 
efficiency of the biomass (NUE kg DM kg-1 N taken up) for each crop were calculated 
using the following equations: 
WUE =   and NUE =  
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where TB is the crop (corn or soybean or kenaf) aboveground total biomass (Mg ha-1), 
ET the evapotranspiration from planting to harvesting (mm), and Nupt the N uptake in 
the above ground biomass of each crop (kg N ha-1). N uptake in soybean includes also N-
fixation. The above definitions show how efficiently different crops use water and 
nitrogen to produce a kg of dry matter (e.g. Sinclair and Ruffy, 2012; Sadras FAO 2007). 
We also calculated NUE using the following equation (Allen et al., 2014). 
NUE =  
where NU is the difference of N available between planting (spring soil + fertilizer) and 
harvesting (fall). This definition reflects the amount of soil N used to produce a kg of dry 
matter. This equation does not take in account the N in the air. 
 
Results 
 
Model calibration  
The model simulated well both in-season kenaf dynamics, including biomass 
production, stem height, LAI, partitioning into bast and core, and N concentration in leaf 
and stem (e.g. for one set see Figure 6.1), and end-of-season biomass data (e.g. for one 
set see Figure 6.2). Overall, across all datasets and replications (n = 56 in-season, and n = 
40 end-of-season) used for calibration, the model simulated total biomass with a RMSE 
of 2.1 Mg ha-1 (RRMSE = 34%, Figure 6.3-A), dry stem with 1.6 Mg ha-1 (RRMSE = 
23%, Figure 6.3-B), stem height with 34.5 cm (RRMSE = 21%, Figure 6.3-C), and N 
concentration in stem and leaf with 0.4 and 0.8%, respectively (RRMSE = 20 and 34%, 
Figure 6.3-D). The residual errors were well distributed along the 1:1 line, indicating that 
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the model simulations were robust. We also checked the simulated rates of root growth 
velocity, which was close to those measured (data not shown, rate measured = 15.38 mm 
d-1; rate simulated = 21.00 mm d-1; period from July 23 2015 to August 5 2015).  
 
Model validation 
The model simulated well stem biomass production at harvest of 36 independent 
datasets used for validation (Figure 6.4). Interestingly, the validation datasets covered a 
range of management conditions and the model was able to follow up/downs in 
observations (RMSE = 1.6 Mg ha-1; RRMSE = 16%).   
 
Model application 
What is the optimum planting date for kenaf in Iowa?  
According to APSIM simulations across 30 years, potential kenaf stem biomass 
(no limitations by N or water) was the greatest when the crop was planted between April 
15 and May 15 (Figure 6.5). If the sowing date was delayed, potential biomass 
dramatically decreased (-50% when planted on July 30). The actual stem biomass (with 
water and nitrogen stress) followed the same trend as the potential production; however, 
the range of variability was much larger than the potential production.  
 
Does kenaf influence subsequent corn and soybean yields and soil N dynamics?  
When all three rotations with kenaf were simulated over 30 years, corn had a 
similar total biomass across rotations but soybean produced slightly less biomass in the 
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C-K-S system (Figure 6.6). Kenaf biomass production was very variable in the C-S-K 
rotation (Figure 6.6-A), but was the highest in the C-K-S (Figure 6.6-B). 
With respect to soil nitrate in the top 30 cm of soil, nitrate levels were the lowest 
under soybean crop (note zero N application), following by kenaf (80 kg N ha-1 
application) and corn (150 kg N ha-1) during the growing season (Figure 6.6). Inclusion 
of kenaf in the rotations slightly affected the N dynamics (Figures 6.6-D, -E). When 
kenaf was growing, N content in the soil had a similar pattern to corn observed in C-S-K 
systems (maximum of 120 kg ha-1 in the summer, Figure 6.6-D). However, maximum N 
content during kenaf growth was 60 kg ha-1 in the C-K-S systems (Figure 6.6-E). The 
nitrate concentrations in the soil, when corn was growing, were slightly lower than in C-S 
rotations (Figure 6.6-F). Interestingly, after Sept 1 (245 DOY), the NO3-N in the soybean 
system tended to increase, and later to decrease, while it stayed the same in corn or kenaf 
systems and always lower than soybean.  
 
Does kenaf influence soil organic carbon in the long term? 
In all five systems, the APSIM simulations showed that SOC slowly decreased 
over the 30-year period (Figure 6.7). No differences were found between the two corn, 
soybean, and kenaf systems (C-S-K and C-K-S). However, when corn was grown 
continuously over 30 years, SOC did not decrease as fast compared to the other systems. 
The inclusion of kenaf in the continuous corn system reduced by half the SOC loss rate 
(Figure 6.7). 
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How do productivity, WUE, and NUE compare between corn, soybean and kenaf?  
Corn grain yield was the greatest in C-K-S and C-S rotations and was the lowest 
in C-C system (Table 6.2), whereas soybean yield was the highest when it followed corn 
(C-S-K, Table 6.2). Kenaf stem production was 20% higher in C-K-S rotations than in C-
S-K. With respect with WUE and NUE, corn WUE was very similar across the rotation 
situations, but its NUE was largest in C-C (Table 6.2). Soybean did not display many 
differences for its WUE and NUE across systems. However, for kenaf, C-K-S rotations 
resulted in the highest WUE and NUE. Nitrogen use efficiency of kenaf was also large in 
C-C-K rotations. Between species, WUE was greatest in corn (38.6 ± 3.7 Mg ha-1 mm-1; 
Table 6.2), following by kenaf (25.9 ± 2.7 Mg ha-1 mm-1) and soybean (19.0 ± 1.4 Mg ha-
1 mm-1). Nitrogen use efficiency was highest for kenaf (128.6 ± 17.3 kg ha-1 kg-1 ha; 
Table 6.2), followed by corn (84.9 ± 6.5 kg ha-1 kg-1 ha) and soybean (27.3 ± 3.7 kg ha-1 
kg-1 ha).  
 
Discussion 
 
Model calibration/validation and next step 
This study brings a new kenaf model to the scientific literature that allows 
concurrent assessments of production and environmental sustainability of kenaf in 
relation to other crops. Existing kenaf models such as NTKENAF (Carberry and 
Muchow, 1992a, b; Carberry et al., 1993; Carberry et al., 2001; Muchow and Carberry, 
1993) and BIOKENAF (Danalatos et al., 2007; Danalatos et al., 2008; Gintsioudis et al., 
2007) were capable of simulating kenaf production from planting to harvesting only, 
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while our model provides further capabilities for exploration of long term impacts on soil 
quality and rotational aspects of including kenaf in  cropping system (Figures 6.5, 6, 7). 
To develop the model, we carefully updated parameters and processes (parameterization, 
calibration and validation) of an existing crop model within APSIM using in-season data: 
phenology (via emergence and flowering data), photosynthesis (via crop growth data), 
biomass partitioning (via stem, leaf, bast and core mass data), leaf area production and 
senescence (via LAI and leaf mass data), tissue leaf, stem, and root N concentrations. The 
fact that the model was able to simulate well a number of crop related processes such as 
biomass and stem production, stem height, and N concentration, is a strong evidence that 
our parameterization and calibration are quite robust. Also, it shows that the model can be 
used for scenario analysis or to analyze experimental data and shed light into kenaf 
production consequences to other cropping systems.  
We noticed a higher variability and error between simulation and prediction of 
LAI, and leaf weight (data not shown), and leaf N concentration (Figure 6.3-D). This 
variability was most likely attributed to variability in leaf repartitioning across the stem, 
especially towards the end of the growing season. Kenaf produces new leaves (at the 
apex) while losing leaves (at the lower level of leaf layer) and there is a gradient in N 
concentration from the top to bottom of the profile (Archontoulis et al., 2011), which was 
not captured adequately by our model. The kenaf model simulated N concentration in 
green leaves and senesced leaves separately and our leaf data were not sufficiently 
detailed to allow validation of both processes. This is an area for further research 
investment. We also found that the model tended to overestimate the production of bast 
fibers, and to underestimate production of core fiber. Because bast fibers are the main 
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industrial reason why kenaf is grown, it would be important to work more on this aspect 
of the model. Compared to other kenaf models such as NTKENAF (Carberry and 
Muchow, 1992a, b; Carberry et al., 1993; Carberry et al., 2001; Muchow and Carberry, 
1993) and BIOKENAF (Danalatos et al., 2007; Danalatos et al., 2008; Gintsioudis et al., 
2007), the simulation error of our model in predicting kenaf stems (commercial product) 
was very similar (RRMSE of 20%). 
Kenaf is typically grown in different parts of the world such as India and China 
and others. Given that APSIM is one of the most widely applied modelling software in 
various parts of the world (Holzworth et al., 2014), our work can benefit them. 
Furthermore, our modelling work can benefit U.S. kenaf producers. 
 
Optimum planting day for kenaf 
Knowledge of optimum planting date is fundamental for decision making and 
possible inclusion of kenaf into Iowa’s cropping systems. Experimental data from Iowa 
(Bourguignon et al., 2016a, b, c, d) are limited by the duration (< 3 year analyzed) and 
treatments (< 3 planting dates per year analyzed) to be used for decision support. Here, 
by using the model, we developed a robust function to help decision making that covers 
variation across 35 years and 6 planting dates within each year and two management 
conditions (actual vs optimum). Model results for the optimum planting date in general 
agree with previous finding in this region (Bourguignon et al., 2016c), but provides a far 
more complete picture of kenaf adaptability and productivity in central IA. The model 
indicated that the optimum planting window for kenaf in central Iowa (latitude of 42° N) 
is wide and ranges from mid-April to May and after that period, the potential stem 
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biomass drops significantly (Figure 6.5). The shape of this response agrees with 
experimental findings from other locations such as California (latitude of 34° N; 
Banghoo et al., 1986), Spain (latitude of 40° N; Manzanares et al., 1997), and central 
Greece (latitude of 39° N; Danalatos and Archontoulis, 2005, 2010).  
Interestingly, the actual stem production was much more variable than the 
potential stem biomass, especially when kenaf was planted in April or May (Figure 6.5). 
This implies that, when water and N are limiting, kenaf is very sensitive to the 
environment variations. Producers of kenaf have to be aware of this variability. As our 
model was robust for stem production, we can be confident in these results.  
 
How does kenaf play within the conventional Iowa corn and soybean rotation?  
Crop 
Our kenaf model showed that corn biomass and yield were not substantially 
affected by inclusion of kenaf into the C-S rotation (Figure 6.6, Table 6.2). Interestingly, 
the model showed that the corn yield was higher in C-S than C-C, which agrees with 
previous work about yield penalty in continuous corn systems (Gentry et al., 2013). Corn 
yield was even higher in C-K-S systems (Table 6.2).  
Soybean biomass was slightly reduced when it followed kenaf (C-K-S), instead of 
following corn (C-S-K or C-S, Figure 6.6, Table 6.2). This was most likely due to higher 
soil evaporation and thus, water limitation as kenaf stems are typical removed following 
harvesting for industrial processing. Kenaf stem removal results in fallowed soil over the 
winter period which is exposed to water loss via evaporation and runoff, and soil erosion. 
However, this is an important result that clearly indicates that soybean should not be 
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placed after kenaf when grown in rotations in Iowa. Webber (1999) evaluated continuous 
kenaf and kenaf-soybean rotations in Oklahoma and found that soybean yield was not 
reduced by the addition of kenaf. But, their study did not include corn in rotations and 
this could be one of the reasons for the disparities between their study and ours. 
However, Webber also found that stunt nematodes on soybean roots were reduced, which 
favored the inclusion of kenaf in soybean rotations. Webber also reported that soil pH 
(unknown soil depth) was slightly reduced after soybean/kenaf rotations. In our study, we 
did not focus on stunt nematode or soil pH.  
Kenaf stem biomass was in range of typical yield (Anfinrud et al., 2013; Brown 
and Brown, 2014) and in Iowa (Bourguignon et al., 2016a, c), when kenaf was not in 
rotations. Kenaf was probably the crop that was most sensitive to the rotational system. 
Its stem production was much higher in C-K-S than in the other systems. This 
demonstrates that there may be a tradeoff between soybean yield and kenaf stem 
production. In C-K-S, kenaf performed well, but soybean had its lowest yield, whereas in 
C-S-K rotations, kenaf produced less stem, but soybean had its highest yield. This result 
may be likely due to the competition for limited resources (water, P, K). Also, there may 
be issues related to the ability to grow with residues of the previous crops. In any case, 
this can become tricky for recommendations to producers. 
In C-K-S, kenaf WUE and NUE, based on total N and N concentration in 
biomass, were the highest (Table 6.2). Water use efficiency for kenaf typically ranged 
from 3.7 to 6.6 g DM kg water-1 (Danalatos and Archontoulis, 2010). When converted to 
the same units, kenaf WUE was lower than this range, which means that it was less 
efficient in terms of water, when included in corn and soybean systems. Nitrogen use 
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efficiency was estimated to be 142 kg kg-1 (Danalatos and Archontoulis, 2010), which is 
9% higher than what we found in C-K-S scenario. However, it was still drastically higher 
than corn and soybean (Table 6.2), which demonstrates that kenaf is a highly efficient 
and productive dry matter per unit of N taken up. However, soybean is a very efficient 
crop, because it can fix N from the air and, therefore, should have had the highest NUE. 
Many studies considered biomass divided by N uptaken between Spring and Fall (Allen 
et al., 2014; Huggins and Pan, 2003). However, our NUE calculations were based on total 
biomass divided by the N concentration in the biomass. Therefore, our results are 
reasonable, given that kenaf produces stems and leaves, but no seeds in this region 
compared to corn (N concentration of 1.25%) and soybean (N concentration of 6%), in 
which seeds are about 50% of its biomass produced. Overall, kenaf is a very productive 
annual C3 crop that could have potential in corn and soybean systems.  
 
Soil 
When added to the system, kenaf and corn growth resulted in similar soil nitrate 
content over the growing period (June-Aug): soil nitrate decreased quickly after fertilizer 
application due to crop update. The model showed that soil nitrate content increased 
rapidly after soybean harvest (Figure 6.6), and this can be explained by the soybean 
residues that have a smaller particle size and lower C:N ratio. Also, it could be due to 
lower surface area of the soybean residue that allows faster warm up of the soil and more 
N mineralization. However, having high nitrate content when the ground is bare (after 
harvest) may result in NO3-N leaching, which could contaminate water sources nearby.  
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Our model demonstrated that the C-C scenario led to the slowest SOC loss over 
the 30 years of study (Figure 6.7). Adding kenaf and soybean into the rotation the SOC 
decreased faster than in C-C and this is because of the amount of C returned to the soil 
via residue and root inputs and C:N ratios. Corn usually provides about 10 Mg DM yr-1 
into the soil system as residue, while soybean 3-5 Mg (leaf and stems) and kenaf even 
less considering that kenaf stems are removed. The higher C input, the lower the rate of 
SOC decline over time (Brown et al., 2014; Castellano et al., 2014). In contrast, soybean 
has a low C:N ratio and small particle size, and kenaf returns some residues, but mostly 
leaves. Therefore, the nature of the residues can explain the SOC loss rate. When kenaf 
was included into C-C systems, the SOC loss rate ranged between C-C and the other 
systems (Figure 6.7). Inclusion of kenaf into rotations with corn would result in better 
retention of SOC than inclusion into corn-soybean, soybean-kenaf rotations.  
Additionally, corn-kenaf rotation would decrease SOC less than the commonly used 
corn-soybean rotation. It is important to note that the SOC loss is about 0.01% over 30 
years, which is very small and usually not detectable by field measurements. Lastly, the 
decline in SOC could be explained by the initial higher SOC levels of Iowa soils that 
requires even more C input (more than the C-C offers) to maintain an equilibrium 
(Dietzel, 2014). 
 
Conclusion 
 
A model using APSIM for kenaf was developed, calibrated, validated, and was 
used to investigate the consequences of including kenaf in conventional corn and soybean 
237 
 
 
 
 
systems in Iowa on crop productivity and soil quality. When simulated over 30 years, we 
demonstrated that corn yield would not be affected by kenaf inclusion, but that soybean 
productivity may be decreased when it follows kenaf. Kenaf performed well and its NUE, 
based on N concentration in biomass, was much higher than corn and soybean in any 
scenario. A tradeoff between kenaf and soybean was observed in C-S-K and C-K-S 
rotations. With respect to soil, nitrate content was influenced by the rotation strategy and 
SOC loss was decreased when kenaf was in rotation with corn compared to the 
conventional corn-soybean rotation. 
The model developed in this study will be helpful to address many more questions 
that conventional field experiments cannot do in a cost- or time-efficient manner. Our 
results document that kenaf is well suited for inclusion into corn and soybean systems in 
the Midwest.  
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Tables 
 
Table 6.1. Data used for the calibration (datasets 1, 2 and 3) and the validation (dataset 4) 
of the kenaf model in APSIM. 
Dataset Treatments Measurements 
1 In-season 
experiment in 
Kentucky and in 
Iowa 
2 Years (2014, 2015) 
× 2 Locations (Iowa, Kentucky) 
× 2 Seeding rates (18.5, 37.1 PLS m-
2) 
× 3 Replications 
× 7 Harvests 
Emergence, flowering 
date, total dry biomass, 
stem yield, leaf yield, 
core:bast ratio, LAI, stem 
height, N concentration in 
stem, N concentration in 
leaves. 
    
2 In-season 
experiment in 
Iowa 
2 Years (2014, 2015) 
× 2 Seeding rates (24.7, 37.1 PLS m-
2) 
× 2 Row spacings (38.1, 76.2 cm) 
× 5 N rates (0, 56, 112, 168, 224 kg 
ha-1) 
× 4 Replications 
Stem dry yield, core:bast 
ratio, LAI (monthly or 
bimonthly), stem height 
(biweekly), N 
concentration in stem. 
    
3 In-season root 
experiment 
6 Soil depths (0-20, 20-40, 40-60, 
60-80, 80-100, 100-120 cm) 
× 3 Distance from the row (0, 9.5, 
19.0 cm) 
× 2 Replications 
× 4 Harvests 
Aboveground and 
belowground weight 
    
4 End of season 
experiment in 
Iowa 
2 Years (2004, 2005) 
× 3 Seeding rates (18.5, 27.8, 37.1 
PLS m-2) 
× 2 N rates (0, 168 kg ha-1) 
× 3 Planting dates (early May, late 
May, early June) 
× 4 Replications 
Stem dry yield. 
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Table 6.2. Corn grain yield, soybean grain yield, kenaf stem production at harvest), water 
use efficiency, N use efficiency for 5 rotations, averaged over 30 years of simulations.  
Acronym 
Corn 
Grain 
Yield 
Soybean 
Grain 
Yield 
Kenaf 
Dry 
Stem 
Water Use Efficiency Nitrogen Use Efficiency 
Corn Soybean Kenaf Corn Soybean Kenaf 
 ---------- Mg ha-1 -----------                                       ------ Mg ha-1 mm-1------ ----- kg dm kg-1 Nfix----- 
C-K-S 11.2 3.0 13.4 38.60 17.37 25.91 75.11 27.42 128.59 
C-S-K 10.6 4.1 10.7 38.10 18.99 24.32 79.21 23.95 90.68 
C-C-K 10.2 – 11.0 38.06  24.42 83.05  115.52 
C-S 11.3 3.5 – 38.23 18.45  75.74 25.26  
C-C 10.0 – – 38.62   84.87   
C-K-S = corn-soybean-kenaf rotation 
C-S-K = corn-soybean-kenaf 
C-C-K = corn-corn-kenaf 
C-S = corn-soybean 
C-C = continuous corn 
NUE = total above ground biomass/N uptake above ground 
WUE = total above ground biomass/ET from sowing to harvest 
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Figure 6.1. Measured (mean ± S.E.) and simulated kenaf production and morphology 
over the growing season in Iowa 2014, when planted at 18.5 seed m-2, in 38.1 cm, and 
fertilized with 168 kg ha-1 N (dataset 1). Values on the top left corner of each panel 
indicate the RMSE and RRMSE for each measurement. 
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Figure 6.2. Measured (mean ± S.E.) and simulated kenaf production and morphology at 
the end of season in Iowa 2014, when planted at 16.3 or 23.4 seed m-2, in 38.1 cm, and 
fertilized with 0, 56, 112, 168, and 224 kg ha-1 N (dataset 2). Values on the top left corner 
of each panel indicate the RMSE and RRMSE for each measurement. 
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Figure 6.3. Overall performance of the calibrated model in terms of biomass production, 
stem production, plant height, and N concentration in stems and leaves. Each point 
represents the measured (mean ± S.E. over 4 replications) vs the simulated value for 
kenaf cultivar Tainung 2, grown in Iowa and Kentucky in 2014 and 2015 (in-season and 
end of season; datasets 1 and 2). Values on the top left corner of each panel indicate the 
RMSE and RRMSE for each measurement.
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Figure 6.4. Kenaf stem weight validation across 36 replicated datasets (mean ± S.E.). 
Values on the top left corner of each panel indicate the RMSE and the RRMSE across the 
36 cases. 
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Figure 6.5. Simulated potential and actual kenaf stem biomass across 30 years (1985-
2015) as a function of planting date.  
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Figure 6.6. Simulated total biomass and soil nitrate in the first 30 cm of soil (mean ± S.D.) of corn-soybean-kenaf, corn-kenaf-
soybean, and corn-soybean rotations, when averaged across years. The gray area around each line represent the standard deviation. 
Nitrogen-application rate was 150 kg N ha-1 for corn, 80 kg N ha-1 for kenaf, and 0 kg N ha-1 for soybean. The simulation analysis was 
sequential and residual water, nitrogen from the previous crop affected the next crop in the rotation. 
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Figure 6.7. Simulated soil organic carbon in the top 15 cm of soil as affected by 
rotations: corn-kenaf-soybean (C-K-S), corn-soybean-kenaf (C-S-K), corn-soybean (C-
S), continuous corn (C-C), and corn-corn-kenaf (C-C-K). 
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CHAPTER VII 
 GENERAL CONCLUSIONS 
 
With a high population growth rate, an increasing CO2 level in the atmospheric 
air, and a depletion of fossil sources, agriculture is required to feed and provide fiber and 
fuel to the population. Considering the current challenges of our society, there is a 
universal desire to return to a bioeconomy, using existing biorenewable resources, and 
developing new ones. Kenaf (Hibiscus cannabinus L.) has been identified as a promising 
multi-purpose crop overseas and is slowly being developed in the U.S. In the Midwest, 
where corn and soybean are prevalent, agriculture faces environmental challenges, such 
as soil organic carbon loss, soil nitrate leaching and accumulation in drinkable water 
sources. Diversification of cropping systems has been one strategy to reduce these issues. 
Furthermore, the Midwest natural fiber industry is not dominant and diversifying 
agriculture with non-food crops would represent an economic and environmental 
alternative for producers. 
This study has investigated the growth, productivity, and utilization of kenaf 
(Hibiscus cannabinus L.), a promising multi-purpose crop that could be a potential 
alternative crop in Iowa, which is in the heart of the Corn Belt. More specifically. 
Information about optimal varieties and management practices to produce high quantity 
and quality of kenaf fibers, utilization for fuel purpose, and potential of kenaf in 
traditional corn and soybean systems needed to be studied. 
A two-year study showed that selecting varieties was important to achieve high 
yields in Iowa (Chapter 2). ‘Tainung 2’, which is the most commercially used cultivar, 
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produced one of the beter yields and was the tallest, compared to five other varieties. 
‘Whitten’, developed by Mississippi State University, also showed potential and both 
varieties could be grown for their core, when the core is the targeted fiber. The core fiber 
could be a suitable candidate for liquid fuel compared with the bast, because it contains 
less ash than bast, depending on the variety. Ash presence is an obstacle in the production 
of levoglucosan, a compound that can be further upgraded into ethanol. The differences 
in anatomy and composition among kenaf varieties would allow selection for multiple 
purposes, and liquid biofuel could be a promising one. This study was the first one to 
investigate and demonstrate the potential of kenaf for biofuel via fast pyrolysis. However, 
more work needs to be done to reduce the ash concentration in the biomass before 
thermochemical conversion in order to potentially increase the levoglucosan yield. 
Strategies can be employed to reduce ash, such as washing the dry ground biomass with 
sulfuric acid prior to pyrolysis, or harvesting the biomass after the winter, when the 
biomass is naturally cleaned by the weather. 
Two other studies investigated the optimal management practices for growing 
kenaf in Iowa. The first demonstrated that planting kenaf at low or medium seeding rate, 
in narrow rows, and in early May resulted in highest stem yields and core-bast ratios 
(Chapter 3). Applying N was only beneficial when kenaf was planted in early May. 
However, the stem composition in lignocellulose, which could have an impact on biofuel 
production, was influenced by the N fertilization. The second study compared the 
response of Tainung 2 and Whitten to agricultural practices, with a particular focus on N 
fertilization (five rates were used; Chapter 4). Very often, genetics (variety) and 
management practices interacted to affect kenaf stem and fiber productivity, morphology, 
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and composition. The most striking result was that N did not increase stem yield, 
regardless of how much N was applied. However, stem height and diameter during the 
growing season, plant density, cell wall composition, and total ash concentration at 
harvest are influenced by N rate. The implications of these observations were directly 
related to kenaf end-use products. In general, this study confirmed previous literature 
reports, stating that narrow rows and high seeding rates lead to higher stem yield. 
However, it was demonstrated that Tainung 2 and Whitten could respond differently, 
depending on the agricultural practices used. 
Variety and management practices were furthermore investigated, when kenaf 
was grown in Iowa and in Kentucky, two states that have different soils and that 
experience different weather (Chapter 5). Clearly, growing kenaf in Iowa had some 
advantages, especially in terms of stability for biomass production over varieties and seed 
densities. But Kentucky showed greater potential to produce biomass. Results 
demonstrated that growing Tainung 2 in southern states resulted in high stem yield but, 
the bast portion may be lower than when grown in the Midwest. Also, it would be 
suggested to harvest kenaf between 280 and 300 DOY in both locations, considering the 
multiple factors that influence kenaf productivity and morphology. 
Finally, combining the data collected in these three previous studies and using 
existing information in the literature, we developed, calibrated, and validated a model for 
kenaf, using APSIM (Chapter 6). This tool is one of the most widely applied modelling 
frameworks in the past few decades. The platform contains one of the friendliest user 
interfaces that allows simulating simple or complex situations. The model for kenaf was 
useful to address gaps in our knowledge that traditional field experiments cannot. 
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Specifically, we investigated the consequences on crop productivity and soil quality of 
including kenaf in traditional corn and soybean systems in Iowa. When simulated over 30 
years, our model demonstrated that corn yield would not be affected by kenaf inclusion, 
but that soybean may be, especially if it follows kenaf. Kenaf performed well and its 
NUE was much higher than corn and soybean in any scenario. A tradeoff between kenaf 
and soybean was however observed when soybean followed kenaf. With respect to soil, 
nitrate was influenced by the rotation strategies and SOC loss was slowed when kenaf 
was in corn rotations, compared to corn and soybean rotations only. 
This work has investigated different angles of kenaf production and utilization in 
Iowa. It has studied the best ways to grow kenaf, which variety is most appropriate for 
high fiber quantity and quality, but it has also explored the potential of fast pyrolysis on 
kenaf biomass and what promising compounds were produced. Finally, using the 
modeling tool, this research has evaluated what it would be like to include kenaf in 
traditional corn and soybean rotations. Not only was crop performance tested, but the soil 
organic matter and nitrate dynamics were examined. 
This study is a complex one, but it is complete one, in the sense that multiple 
crucial aspects of kenaf growth were investigated, from the moment where kenaf seeds 
were planted, to its conversion by fast pyrolysis. Kenaf was proven to have great 
potential as an alternative feedstock in Iowa. However, it needs to be explored more 
thoroughly and, thanks to the development of the kenaf model in APSIM, investigations 
can be performed to delve further into the potential for including kenaf in crop rotations 
in Iowa. Iowa would be an ideal location for kenaf production and processing, 
considering the farm acreage and the potential for developing bio-industries.  
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The inclusion of kenaf in the landscape of Iowa will bring diversification to 
cropping systems, currently in place. It could result in a financial alternative for 
producers, but also for local industries. Iowa, and the Midwest in general, is not 
renowned for its fiber production but, with the kenaf production, a natural fiber industry 
could slowly start. Naturally, it begins with an understanding of the crop, because not 
many people are aware of the potential of kenaf.  
Producing natural fibers in the Midwest would contribute to accelerate the 
development to a bioeconomy, because they can replace finite synthetic fibers. Desire to 
use biorenewable resources has almost become universal and reaching this goal is very 
challenging. Diversification of biorenewable resources is key to responding to the current 
demand for food, feed, fiber, and fuel, in a sustainable way. 
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APPENDIX A 
RESULTS OF STATISTICAL ANALYSIS (ANOVA) PERFORMED ON PYROLYSIS 
PRODUCTS FROM THE 5 VARIETIES OF KENAF GROWN AT BOONE, IA IN 
2004 AND 2005 AND SEPARATED INTO BAST AND CORE (TISSUE). 
 
  hydroxyacetone acetic acid 2-methoxyphenol 
2,6-dimethoxy-4-(1-
propenyl) phenol 
Source df F-value P-value F-value 
P-
value 
F-
value 
P-
value F-value P-value 
Year (Y) 1 0.83 0.4513 32.98 <.0001 5.29 0.0671 20.58 0.0111 
Block(Year) (B) 6 1.27 0.2996 0.29 0.9393 1.06 0.4077 1.57 0.1919 
Variety (V) 4 1.30 0.3010 0.28 0.8159 1.57 0.1033 1.00 0.2673 
Y × V 4 0.41 0.8033 2.72 0.0154 0.72 0.4294 0.52 0.5855 
V × B (Y) 24 1.01 0.4882 0.71 0.7994 0.73 0.7863 0.72 0.7900 
Tissue (T) 1 40.42 <.0001 173.9 <.0001 19.87 0.0001 43.09 <.0001 
Y × T 1 3.18 0.0849 10.35 0.0032 0.19 0.6657 3.14 0.0870 
V × T 4 2.39 0.0738 0.20 0.9355 1.93 0.1319 1.34 0.2788 
Y × V × T 4 0.85 0.5063 0.80 0.5337 0.5 0.7328 0.95 0.4497 
  4-hydroxy-3-methoxyacetophenone 
2-methoxy-4-
methylphenol furfural methylcyclopentelonone 
Source df F-value P-value F-value 
P-
value 
F-
value 
P-
value F-value P-value 
Year (Y) 1 0.42 0.5235 0.32 0.7061 6.82 0.0327 0.00 0.9292 
Block(Year) (B) 6 0.92 0.4957 2.02 0.0952 0.89 0.5137 0.46 0.8311 
Variety (V) 4 0.63 0.7509 0.55 0.6437 3.36 0.0003 1.70 0.1774 
Y × V 4 0.37 0.8866 2.85 0.0273 3.50 0.0002 2.74 0.0497 
V × B (Y) 24 1.33 0.2330 0.86 0.6423 0.42 0.9825 0.99 0.5087 
Tissue (T) 1 95.27 <.0001 2.71 0.1105 21.37 <.0001 7.98 0.0085 
Y × T 1 0.28 0.6034 2.10 0.1580 12.55 0.0014 0.05 0.8268 
V × T 4 1.35 0.2769 1.43 0.2480 1.21 0.3286 0.90 0.4789 
Y × V × T df 1.57 0.2098 0.43 0.7830 1.75 0.1663 0.25 0.9057 
  phenol vanillin 5-HMF levoglucosan 
Source df F-value P-value F-value 
P-
value 
F-
value 
P-
value F-value P-value 
Year (Y) 1 0.01 0.9036 10.91 0.0230 0.97 0.1652 107.19 0.0005 
Block(Year) (B) 6 0.76 0.6104 1.19 0.3415 0.39 0.8790 2.34 0.0577 
Variety (V) 4 3.01 0.0771 1.11 0.3664 1.20 0.0622 6.85 0.0239 
Y × V 4 0.84 0.6161 0.55 0.6942 0.18 0.8224 14.27 0.0006 
V × B (Y) 24 1.25 0.2815 0.98 0.5162 0.46 0.9707 2.00 0.0376 
Tissue (T) 1 2.96 0.0962 83.64 <.0001 0.04 0.8394 178.57 <.0001 
Y × T 1 2.30 0.1403 4.12 0.0515 2.05 0.1632 45.68 <.0001 
V × T 4 1.70 0.1771 1.19 0.3361 0.40 0.8060 1.89 0.1390 
Y × V × T df 1.96 0.1273 0.18 0.9476 1.72 0.1726 5.89 0.0013 
  4-ethylphenol 4-vinylphenol 2-methoxy-4-vinylphenol 2,6-dimethoxyphenol 
Source df F-value P-value F-value 
P-
value 
F-
value 
P-
value F-value P-value 
Year (Y) 1 1.99 0.2756 0.14 0.7596 16.01 0.0050 8.46 0.0223 
Block(Year) (B) 6 1.38 0.2541 1.35 0.2670 0.86 0.5381 0.91 0.5045 
Variety (V) 4 2.37 0.0543 0.37 0.7738 0.89 0.3870 1.28 0.4417 
Y × V 4 1.29 0.2406 0.69 0.5189 1.48 0.1603 2.77 0.1128 
V × B (Y) 24 0.88 0.6263 0.83 0.6759 0.82 0.6870 1.32 0.2354 
Tissue (T) 1 17.97 0.0002 116.78 <.0001 261.78 <.0001 108.66 <.0001 
Y × T 1 1.54 0.2239 0.29 0.5957 3.31 0.0794 1.07 0.3092 
V × T 4 0.40 0.8038 1.50 0.2285 1.52 0.2219 0.11 0.9795 
Y × V × T df 2.71 0.0495 1.64 0.1911 1.30 0.2948 3.67 0.0154 
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APPENDIX B 
MONTHLY CUMULATIVE PRECIPITATION AND AVERAGE AIR 
TEMPERATURE IN 2014 AND 2015, IN BOONE COUNTY, IOWA. 
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APPENDIX C 
SOIL ANALYSES BEFORE AND AFTER GROWING KENAF IN BOTH 2014 AND 
2015. 
 
Sampling Date N Rates Mehlich 3 K Mehlich 3 P pH Total N 
  mg kg-1 mg kg-1  mg kg-1 
8 May 2014      
 0 kg ha-1 N 7.25 ± 1.31 119.25 ± 8.82 6.06 ± 0.17 14.14 ± 1.60 
 56 kg ha-1 N 9.75 ±1.75 121.00 ± 9.56 6.01 ± 0.12 15.34 ± 1.22 
 112 kg ha-1 N 6.75 ± 1.75 110.00 ± 11.38 6.09 ± 0.18 14.34 ± 1.40 
 168 kg ha-1 N 8.00 ± 1.58 116.00 ± 13.10 6.23 ± 0.16 14.02 ± 1.95 
 224 kg ha-1 N 9.75 ± 1.89 120.50 ± 11.08 6.06 ± 0.20 15.18 ± 1.13 
      
1 April 2015      
 0 kg ha-1 N 6.25 ± 1.44 103.75 ± 6.86 6.39 ± 0.12 14.26 ± 1.20 
 56 kg ha-1 N 7.25 ± 1.80  103.75 ± 6.22 6.26 ± 0.14 14.21 ± 0.77 
 112 kg ha-1 N 6.00 ± 1.22 97.00 ± 10.39 6.24 ± 0.18 13.52 ± 1.67 
 168 kg ha-1 N 7.50 ± 1.89  101.25 ± 8.46 6.15 ± 0.14 13.13 ± 1.49 
 224 kg ha-1 N 8.25 ± 2.02 102.75 ± 8.89 5.99 ± 0.20 13.95 ± 1.64 
      
15 April 2015      
 0 kg ha-1 N 5.00 ± 1.08 98.00 ± 7.63 6.33 ± 0.08 20.26 ± 1.90 
 56 kg ha-1 N 5.75 ± 1.03 101.50 ± 7.24 6.35 ± 0.04 22.56 ± 1.44 
 112 kg ha-1 N 4.00 ± 0.41 92.50 ± 6.12 6.34 ± 0.06 19.77 ± 2.69 
 168 kg ha-1 N 5.75 ± 0.75 99.75 ± 3.71 6.25 ± 0.08 22.86 ± 3.51 
 224 kg ha-1 N 5.75 ± 1.11 97.25 ± 8.14 6.25 ± 0.06 21.17 ± 3.58 
      
21 March 2016      
 0 kg ha-1 N 8.00 ± 1.22 105.75 ± 5.33 6.21 ± 0.02 18.76 ± 1.03 
 56 kg ha-1 N 9.00 ± 1.08 103.25 ± 2.75 6.23 ± 0.13 20.09 ± 1.34 
 112 kg ha-1 N 6.25 ± 1.03 90.25 ± 3.79 6.24 ± 0.04 17.13 ± 0.73 
 168 kg ha-1 N 10.25 ± 1.11 102.00 ± 5.32 6.19 ± 0.09 18.90 ± 0.87 
 224 kg ha-1 N 8.25 ± 1.60 101.50 ± 10.49 6.19 ± 0.06 18.02 ± 0.33 
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APPENDIX D 
RESULTS OF THE ANOVA WITH REPEATED MEASURES PERFORMED ON 
STEM HEIGHT, BASAL DIAMETER, AND LEAF AREA INDEX. 
 
 
  Stem Height Basal Diameter  Leaf Area Index 
Source df F P F P F P 
        
2014        
Day After Planting (DAP) 10 13504.20 <0.0001 3383.62 <0.0001 1365.28 <0.0001 
DAP × Variety (V) 10 0.91 0.5226 1.43 0.1624 0.81 0.4457 
DAP × Row Spacing (R) 10 0.77 0.6549 5.25 <0.0001 25.02 <0.0001 
DAP × R × V 10 0.89 0.5425 1.61 0.0973 1.24 0.2918 
DAP × Seed Density (S) 10 2.40 0.0081 2.19 0.0163 2.55 0.0803 
DAP × V × S 10 0.92 0.5094 0.26 0.9900 0.92 0.4001 
DAP × R × S 10 0.81 0.6201 1.58 0.1064 0.16 0.8496 
DAP × V × R × S 10 0.73 0.6979 0.87 0.5655 4.07 0.0184 
DAP × N Rate (N) 40 1.30 0.1049 1.74 0.0031 2.23 0.0263 
DAP × V × N 40 0.57 0.9862 0.61 0.9726 0.15 0.9964 
DAP × R × N 40 0.56 0.9883 0.86 0.7115 0.52 0.8392 
DAP × V × N 40 0.53 0.9936 0.79 0.8294 0.39 0.9241 
DAP × R × V × N 40 0.90 0.6509 0.91 0.6264 0.11 0.9987 
DAP × S × N 40 0.55 0.9892 0.62 0.9703 0.65 0.7328 
DAP × V × S × N 40 0.57 0.9864 0.47 0.9983 0.22 0.9874 
DAP × R × S × N 40 0.54 0.9915 0.58 0.9833 0.47 0.8789 
DAP × V × R × S × N 10 13504.20 <0.0001 3383.62 <0.0001 1365.28 <0.0001 
        
2015        
Day After Planting (DAP) 12 24046.50 <0.0001 4917.61 <0.0001 4901.09 <0.0001 
DAP × Variety (V) 12 7.29 <0.0001 1.52 0.1085 1.90 0.1707 
DAP × Row Spacing (R) 12 2.95 0.0005 4.06 <0.0001 16.67 <0.0001 
DAP × R × V 12 0.95 0.5003 1.16 0.3033 3.08 0.0820 
DAP × Seed Density (S) 12 8.05 <0.0001 11.32 <0.0001 2.95 0.0882 
DAP × V × S 12 0.50 0.9184 1.41 0.1555 0.01 0.9179 
DAP × R × S 12 0.24 0.9959 1.18 0.2908 2.70 0.1027 
DAP × V × R × S 12 1.99 0.0219 0.72 0.7365 0.35 0.5561 
DAP × N Rate (N) 48 3.82 <0.0001 3.82 <0.0001 18.48 <0.0001 
DAP × V × N 48 0.65 0.9683 0.80 0.8300 0.20 0.9403 
DAP × R × N 48 0.72 0.9284 0.97 0.5243 0.55 0.6971 
DAP × V × N 48 0.60 0.9868 0.82 0.8115 0.03 0.9986 
DAP × R × V × N 48 1.00 0.4670 1.03 0.4250 0.17 0.9525 
DAP × S × N 48 0.69 0.9477 0.92 0.6263 0.34 0.8521 
DAP × V × S × N 48 0.61 0.9845 1.29 0.0891 0.28 0.8907 
DAP × R × S × N 48 1.17 0.2023 0.73 0.9170 0.47 0.7547 
DAP × V × R × S × N 12 24046.50 <0.0001 4917.61 <0.0001 4901.09 <0.0001 
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APPENDIX E 
CORRELATION COEFFICIENTS OF VARIABLES MEASURED ON KENAF, 
WHEN GROWN IN 2014 AND 2015. 
 
  1 2 3 4 5 6 7 8 9 10 11 12 13 14 
1 Stem 
DM 
Yield 
1              
2 Plant 
Density 
0.28
** 
             
3 Stem 
Height 
0.46
** 
0.10             
4 Basal 
Diameter 
0.06 -
0.43
** 
0.14
* 
           
5 Core:Bas
t Ratio 
0.27
** 
0.14
* 
0.60
** 
-
0.10 
          
6 Cellulose 
in the 
Bast 
-
0.04 
0.25
** 
-
0.48
** 
-
0.12
* 
-
0.31
** 
         
7 Hemicell
ulose in 
the Bast 
-
0.15
** 
-
0.15
** 
-
0.11
* 
-
0.05 
-
0.07 
0.03         
8 Lignin in 
the Bast 
-
0.29
** 
-
0.12
* 
-
0.56
** 
0.03 -
0.34
** 
0.22
** 
0.04        
9 Cellulose 
in the 
Core 
-
0.29
** 
-
0.12
* 
-
0.69
** 
0.07 -
0.48
** 
0.50
** 
0.06 0.53
** 
      
1
0 
Hemicell
ulose in 
the Core 
-
0.26
** 
-
0.15
** 
-
0.59
** 
0.04 -
0.38
** 
0.32
** 
0.18
** 
0.44
** 
0.51
** 
     
1
1 
Lignin in 
the Core 
-
0.14
* 
0.01 -
0.49
** 
0.04 -
0.50
** 
0.42
** 
0.07 0.51
** 
0.54
** 
0.34
** 
    
1
2 
Total 
Ash in 
the Bast 
-
0.32
** 
-
0.07 
-
0.59
** 
-
0.01 
-
0.40
** 
0.20
** 
-
0.01 
0.41
** 
0.57
** 
0.36
** 
0.33
** 
   
1
3 
Total 
Ash in 
the Core 
0.02 0.20
** 
0.07 -
0.18
** 
0.10 0.06 -
0.03 
-
0.04 
-
0.34
** 
-
0.25
** 
-
0.18
** 
0.17
* 
  
1
4 
C:N 
Ratio in 
the Bast 
0.15
** 
0.36
** 
0.35
** 
-
0.34
** 
0.34
** 
0.02 -
0.05 
-
0.34
** 
-
0.42
** 
-
0.36
** 
-
0.40
** 
-
0.25
** 
0.36
** 
 
1
5 
C:N 
Ratio in 
the Core 
-
0.23
** 
0.03 -
0.34
** 
-
0.25
** 
-
0.19
** 
0.21
** 
0.10 0.26
** 
0.23
** 
0.21
** 
0.09 0.27
** 
0.03 0.43
** 
**, * Significant at the 0.01 and 0.05 probability levels, respectively. NS, nonsignificant 
(P > 0.05). 
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APPENDIX F 
MANAGEMENT INFORMATION USED FOR THE VALIDATION STUDY. 
 
Number of Cases Description of the case Planting date Row spacing Seeding rate N rate 
 mm/dd/year cm seed m-2 kg ha-1 
     
1 05/05/2004 38.1 27.8 0 
2 05/05/2004 38.1 27.8 168 
3 05/20/2004 38.1 27.8 0 
4 05/20/2004 38.1 27.8 168 
5 06/08/2004 38.1 27.8 0 
6 06/08/2004 38.1 27.8 168 
7 05/06/2005 38.1 27.8 0 
8 05/06/2005 38.1 27.8 168 
9 05/20/2005 38.1 27.8 0 
10 05/20/2005 38.1 27.8 168 
11 06/05/2005 38.1 27.8 0 
12 06/05/2005 38.1 27.8 168 
13 05/05/2004 38.1 18.5 0 
14 05/05/2004 38.1 18.5 168 
15 05/20/2004 38.1 18.5 0 
16 05/20/2004 38.1 18.5 168 
17 06/08/2004 38.1 18.5 0 
18 06/08/2004 38.1 18.5 168 
19 05/06/2005 38.1 18.5 0 
20 05/06/2005 38.1 18.5 168 
21 05/20/2005 38.1 18.5 0 
22 05/20/2005 38.1 18.5 168 
23 06/05/2005 38.1 18.5 0 
24 06/05/2005 38.1 18.5 168 
25 05/05/2004 38.1 37.1 0 
26 05/05/2004 38.1 37.1 168 
27 05/20/2004 38.1 37.1 0 
28 05/20/2004 38.1 37.1 168 
29 06/08/2004 38.1 37.1 0 
30 06/08/2004 38.1 37.1 168 
31 05/06/2005 38.1 37.1 0 
32 05/06/2005 38.1 37.1 168 
33 05/20/2005 38.1 37.1 0 
34 05/20/2005 38.1 37.1 168 
35 06/05/2005 38.1 37.1 0 
36 06/05/2005 38.1 37.1 168 
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APPENDIX G 
MODIFICATIONS MADE TO THE ORIGINAL MODEL (PIGEONPEA) TO CREATE THE KENAF MODEL IN APSIM. 
MULTIPLE VALUES WITHIN A PARAMETER INDICATE THAT THE PARAMETER CHANGES AS A FUNCTION OF CROP 
PHENOLOGY.  
 
Parameter Name (units) Pigeonpea Kenaf 
Twilight (°)  6.0 0.0 
Cardinal temperatures (°C)    
x temp 10.0 32.0 45.0 10.0 31.0 45.0 
y temp 0.0 22.0 0.0 0.0 21.0 0.0 
RUE (g MJ-1)  0.90 1.50 
Mean daily temperature (°C)  15.0  25.0  35.0  45.0 10.0 20.0 35.0 45.0  
Fraction of remaining DM allocated to leaves (0-1)  0      0    0.45  0.45  0.45  0.116  0.10   0.10  0     
0      0 
0      0    0.3  0.2  0.11  0.06  0.050   0.10  0     0      
0 
Root depth (mm)  0      5.0  11.0  11.0  11.0  11.0  0.0    0.0   0.0   
0.0    0 
5.0  21.0  21.0  21.0  21.0  0.0    0.0   0.0   0.0    0 
Transpiration efficiency coefficient (Pa)  0      0    .005  .005  .005  .005  .005  .005   .002  
.00    .00 
0      0    .006  .006  .006  .006  .006  .006   .006  
.00    .00 
N fixation rate (g N g DM-1)  0      0    0.003 0.003 0.007 0.001 0.000  0     0     
0 
0      0    0.00 0.00 0.00 0.00 0.000  0     0     0      
0 
N concentration in leaf    
Minimum 0.0550 0.0500  0.0400      0.0300  0.0200 0.0100  
0.0100 
0.0450 0.0350  0.0050      0.0200  0.0100 0.0070  
0.0050 
Critical 0.0650 0.0600  0.0550      0.0400  0.0300 0.0200  
0.0200 
0.0550 0.04  0.01      0.0300  0.0200 0.012500  
0.00800 
Maximum 0.0700 0.0700  0.0600      0.0450  0.0400 0.0300  
0.0250 
0.0700 0.0550  0.0200      0.0450  0.0400 0.0300  
0.0250 
N concentration in stem    
Minimum 0.0150 0.0150  0.0100      0.0080  0.0050 0.0030  
0.0030 
0.0180 0.0050  0.00001      0.0010  0.0050 0.0030  
0.0030 
Critical 0.0200 0.0200  0.0150      0.0100  0.0080 0.0050  
0.0050 
0.0460 0.0100  0.00007      0.0030  0.0050 0.0050  
0.0050 
Maximum 0.0250 0.0250  0.0200      0.0200  0.0200 
0.0200  0.0200 
0.0560 0.0200  0.00008      0.0050  0.0100 
0.0100  0.0100 
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APPENDIX G. CONTINUED 
N concentration in root    
Minimum 0.00800 0.0040 
Critical 0.02000 0.01000 
Maximum 0.02200 0.01400 
Leaf detachment fraction (0-1)  0 1 
 0 1 
KenafVariety   Present 
Rate of harvest index increase   
x-axis (h)  1 24 
y-axis (d-1)  0.00075 0.00075 
Maximum harvest index potential   
x-axis  0.0 0.1 
y-axis  0.35 0.35 
Cumulative vernal days (d)  0 100 
TT from emergence to floral initiation (°C d)  718.0 718.0 
Estimated days between emergence to floral initiation 
(d) 
 20 
Photoperiod (h)  12.9 13.5 13.6 
TT from end juvenile to floral initiation (°C d)  500 630 10000 
Floral initiation (h)  1 24 
Photoperiod (h)   
TT from initiation flowering (°C d)  10.0 10.0 
Flowering (h)  1 24 
TT from flowering to start grain fill (°C d)  100.0 100.0 
Start grain fill (h)  1 24 
TT start grain fill (°C d)  47.0 47.0 
TT end grain fill (°C d)  30 
TT from maturity to harvest ripe (°C d)  36.0 
Stem weight per plant (g)  0 4 9 25 85 130 
Plant height at given stem weight (mm)  0 600 950 1700 3000 5000 
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APPENDIX H 
INITIAL CONDITIONS FOR SOIL WATER AND CROPS USED IN THE MODEL TO ADDRESS THE EFFECTS OF KENAF 
INCLUSION IN CORN AND SOYBEAN SYSTEMS IN IOWA. BULK DENSITY (BD), WATER CONTENT AT 15 BAR (LL), 
AT 1/3 BAR (DUL), AVAILABLE WATER CAPACITY (SAT), SATURATION HYDRAULIC CONDUCTIVITY (KS), 
MAXIMUM ROOT WATER EXTRACTION RATE (KL), AND CONSTRAINTS TO ROOT GROWTH (XF; 1 MEANS NO 
CONSTRAINT) ARE PRESENTED. 
 
 Soil Corn Soybean Kenaf 
Depth 
Bulk 
Density, 
at 1/3 
bar 
Water 
Content, 
at 15 bar 
Water 
Content, 
at 1/3 bar 
Available 
Water 
Capacity 
Saturation 
Hydraulic 
Conductivity 
Maximum 
Water 
Extraction 
Rate 
Exploration 
Factor 
Maximum 
Water 
Extraction 
Rate 
Exploration 
Factor 
Maximum 
Water 
Extraction 
Rate 
Exploration 
Factor 
 BD LL15 DUL SAT KS KL XF KL XF KL XF 
cm g cc-1 mm mm
-
1 
mm mm-
1 mm mm
-1 mm day-1 day-1 0-1 day-1 0-1 day-1 0-1 
0-2.5 1.353 0.174 0.310 0.445 149.900 0.08 1.0 0.08 1.0 0.08 1.0 
2.5-5 1.353 0.174 0.310 0.455 149.900 0.08 1.0 0.08 1.0 0.08 1.0 
5-10 1.353 0.174 0.285 0.420 149.900 0.08 1.0 0.08 1.0 0.08 1.0 
10-20 1.345 0.165 0.305 0.430 180.500 0.08 1.0 0.08 1.0 0.08 1.0 
20-30 1.370 0.170 0.309 0.410 138.300 0.08 1.0 0.08 1.0 0.08 1.0 
30-45 1.434 0.173 0.304 0.426 112.600 0.07 1.0 0.07 1.0 0.07 1.0 
45-60 1.491 0.164 0.288 0.405 100.900 0.06 1.0 0.06 1.0 0.06 1.0 
60-80 1.526 0.146 0.266 0.393 133.000 0.04 1.0 0.04 1.0 0.04 1.0 
80-
100 1.560 0.128 0.243 0.381 165.000 0.04 1.0 0.04 1.0 0.04 1.0 
100-
125 1.560 0.128 0.243 0.381 165.000 0.04 1.0 0.04 1.0 0.04 1.0 
125-
155 1.600 0.120 0.236 0.380 290.000 0.03 1.0 0.03 1.0 0.03 1.0 
155-
185 1.600 0.120 0.236 0.380 290.000 0.03 1.0 0.03 1.0 0.03 1.0 
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APPENDIX I 
INITIAL CONDITIONS FOR SOIL C AND N USED IN THE 
CALIBRATION/VALIDATION SIMULATIONS. START DAY OF SIMULATION 
WAS MARCH 3RD AND THE SOIL WATER AT THAT DAY WAS 80% OF FIELD 
CAPABILITY (WE ALLOWED 2 MONTHS FOR THE WATER BALANCE TO 
EQUILIBRATE BEFORE KENAF PLANTING). 
 
Depth 
Organic 
Carbon 
Biomass 
Fraction 
Inert C 
Fraction Nitrate Ammonium 
OC Fbiom Finert NO3 NH4 
cm (Walkley- Black, %) (0-1) (0-1) kg ha
-1 kg ha-1 
0-2.5 2.410 0.109 0.356 0.135 0.484 
2.5-5 2.410 0.109 0.366 0.135 0.484 
5-10 2.410 0.109 0.365 0.538 0.914 
10-20 2.380 0.109 0.468 1.900 2.085 
20-30 2.070 0.079 0.562 1.455 2.672 
30-45 1.470 0.019 0.652 2.892 1.882 
45-60 0.980 0.030 0.759 2.627 3.523 
60-80 0.730 0.044 0.809 5.123 5.112 
80-100 0.490 0.055 0.805 5.598 6.552 
100-125 0.490 0.043 0.807 8.746 2.243 
125-155 0.170 0.022 0.875 1.080 0.000 
155-185 0.170 0.010 0.960 0.720 0.000 
 
 
